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Summary
The K99 and a n io n ic  a n tig en s  of the K99 re fe re n c e  s t r a i n  E sch e r ich ia  
co li  B41 were pu rif ied  by immunoelectrophoresis. SDS-PAGE revealed K99 to  
be composed of polypeptide subunits with a molecular weight of 19,000. The 
anionic antigen was composed of polypeptide subunits with a molecular weight 
of 34,000. The su b u n i ts  o f K99 adhered to  sheep e r y th r o c y te s  a t  4°C but 
e lu ted  from them a t  37°C. The su b u n its  of the  a n io n ic  a n t ig e n  adhered a t  
4°C and 37°C b u t  d id  n o t  e l u t e  a t  56°C. Two m annose r e s i s t a n t  
haemagglutinins with molecular weights grea ter than 20 x 10^ were p a r t ia l ly  
p u r i f ie d  from a K99” v a r ia n t  of E. c o l i  B41. One was i d e n t i c a l  to  the  
an ion ic  a n t ig e n ,  adhered to  c a l f  brush bo rders  and d id  n o t have a r e g u la r  
f im brial s truc tu re .  The second was a polymer of two polypeptide subunits 
with molecular weights of 49,500 and 48,000; i t  was an tigen ica lly  d i s t in c t  
from K99 and th e  an io n ic  an tig en ,  did no t adhere  to  b rush  b o rd ers  or 
i s o la t e d  v i l l i  and had a f im b r ia l  s t r u c tu r e .  An immunoperoxidase t e s t  
in d ic a te d  t h a t  th e  second haem agglu tin in  was produced in  th e  ileum of a 
g n o to b io t ic  c a l f  in fe c te d  w ith  E,. c o l i  B41. A g g lu t in a t io n  of sheep 
e ry th ro c y te s  by th e  second haem agglu tin in  was i n h ib i t e d  by any of ten  
sugars. The r e c e p to r  was p re sen t  in  g ly c o l ip id  e x t r a c t s  of sheep 
e ry th ro c y te s .  K99 was th e  only d e te c ta b le  adhesin  on E. c o l i  B117- This 
organism produced th re e  p o ly pep tid es  of s im i l a r  m o le cu la r  w eigh t to  the 
an ion ic  a n t ig e n  which did no t adhere to  brush b o rd e rs  or i s o l a t e d  v i l l i .  
Results of an immunoradiometric assay suggested th a t  the K99 of d i f fe re n t  
s t ra in s  was not iden tica l.
Calves fed colostrum which contained natural IgM antibodies th a t  were 
opsonic were not protected against infection  by K99+ E*. co li .  However, the 
presence of a normal gut f l o r a  to g e th e r  w ith  co los trum  provided some 
protection.
A blocking immunoradiometric assay which detected antibody to  K99 in 
ca lves  p rev io u s ly  in fe c te d  w ith  K99+ E. c o l i  f a i l e d  to  d e te c t  an tibody  in  
s e ra  from 248 c a lv e s  c o l le c te d  between 1971 and 1975 on a progeny t e s t i n g  
s ta tion .
During th e  w in te r s  of 1981-1983 a survey o f  c a lv e s  w ith  d ia r rh o e a  in  
South England rev e a le d  th a t  K99+ E. c o l i  caused a p p ro x im a te ly  4$ of the  
outbreaks examined.
An a ty p ic a l  E*. c o l i  i s o la t e d  from c a lv e s  w ith  dysen tery  caused 
dysentery in  experimentally infected g n o to b io t ic  ca lv es  by c o lo n is in g  the 
mucosa of the colon and by production of petechial haemorrhages.
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Abbreviations
The following abbreviations were adopted.
rpm revolution per minute
mg milligram
g gram
ul m ic ro li t re
ml m i l l i l i t r e
1 l i t r e
nm nanometre
sec second
min minute
h hour
d day
v/v volume per volume
w/v weight per volume
MW molecular weight
mCi m il l i  Curie
Expression of t i t r e s .  Example; i f  the highest d i lu tio n  of substance x with 
property y was 1/10 the t i t r e  of the undiluted substance x i s  expressed as 
10.
PREFACE
This t h e s i s  i s  concerned w ith  th e  r o le  of E sc h e r ich ia  c o l i  in  th e  
a e t io lo g y  and p a th o g e n e s i s  o f  d i a r r h o e a  in  n e o n a ta l  c a l v e s .  The 
In tro d u c t io n  i s  d iv ided  i n to  fou r p a r t s  each concerned w ith  the  four 
numbered to p ic s .  1. The im portance o f  E. c o l i  in  d ia r rh o e a  in  c a lv e s .  2. 
Factors th a t  control su sce p tib i l i ty .  3. Methods for the de tection  of K99+ 
Escherichia co li  *t. The adhesion mechanisms involved in pathogenesis. Work 
published by au th o rs  s ince  1981, d i r e c t l y  re le v a n t  to  th e  R e su l ts  and 
Discussion of th is  th e s is  w il l  not be refe rred  to  in the Introduction. Work 
published by the author, based on th i s  th es is ,  i s  bound as Appendices.
INTRODUCTION.
Part 1. The causes and complexity of diarrhoea in calves?
the  importance of Escherichia c o l i .
Neonatal c a l f  diarrhoea, c a l f  scour or white scour has been described as 
one of the most common disorders of calves up to  3 weeks of age which i s  often 
f a t a l  (Sojka, 1965). The a s s o c ia t io n  of t h i s  d is e a s e  w i th  E sc h e r ic h ia  c o l i  
infection has been long recognised (Jensen, 1893) and i s  o ften  refe rred  to  as 
c o l i b a c i l l o s i s .  Most of the  ea r ly  r e p o r t s  and r e s e a r c h  i s  confusing . 
C o libacillosis  was probably overdiagnosed, as i t  i s  today, due to  a f a i lu re  to  
d is t in g u is h  between commensal s t r a i n s  o f E*. c o l i  and JE*. c o l i  p o ssess in g  
sp e c ia l  q u a l i t i e s  or pa thogen ic  d e te rm in a n ts  t h a t  en ab le  them to  cause 
disease.
Experim ental i n f e c t i o n s  a t tem p tin g  to  e s t a b l i s h  th e  a e t io lo g y  of c a l f  
d iarrhoea  due t o  E. c o l i  were d i f f i c u l t  to  i n t e r p r e t  because i t  i s  p robab le  
t h a t  o ther  a g en ts  l a t e r  known to  cause d ia rrh o ea  in f e c te d  c o n t r o l  and 
experimental groups of animals. In some cases the inocula were inadequately 
purified .
D espite  th e se  d i f f i c u l t i e s  Jensen, in th e  1890*5 du rin g  h i s  f i e l d  and 
experimental observations, considered th a t  JE,, co li  iso la ted  from calves with 
diarrhoea were v iru le n t  forms of bacteria  found in  normal c a l f  in te s t in e s .  He 
was able to  d is tingu ish  between s t ra in s  of E. co li  th a t  caused septicaemia and 
those which caused d ea th  by c o lo n is a t io n  of th e  i n t e s t i n e  a lone  and which 
produced a hypothetical toxin. This s i tua tion  i s  largely  t ru e  today and i t  i s  
th e  e n te ro to x ig e n ic  E*. c o l i ,  which a re  the  main s u b je c t  o f t h i s  s tudy . The 
early work on the epidemiology and aetiology of c a lf  d iarrhoea was reviewed by 
Sojka (1965).
Since Jensens time c a l f  diarrhoea has come to  be recognised as a complex 
disease because of the number of established and suspected causes.
Viral ae tio lo g ies  of c a l f  diarrhoea have been experimentally estab lished 
and include ro tav iruses  (reviewed by Woode, 1982), coronaviruses (reviewed by 
Garwes, 1982) and Newbury agent (Bridger and Hall, 1979).
Salm onella  spp (Wray & Sojka, 1975), C lo s tr id iu m  p e r f r in g e n s  type C 
(N ii lo  e t  a l . ,  197*0, protozoa such a s  Cryptosporidium  spp (Pohlenz e t  a l . ,  
1978; Tzipori e t  a l . ,  1980) Clostridium so rd e l i i  (Al-Mashat and Taylor, 1983) 
and g a s tro in te s t in a l  allergy to  soybean p ro te in  (Kilshaw and S isso n s ,  1979) 
have been recorded as causes of c a l f  diarrhoea.
V ib r io  l i k e  organism s which probably c lo s e ly  resem bled  b a c te r i a  now 
grouped in  th e  genus Campylobacter have been im p l ic a te d  (Jones and L i t t l e ,  
1931; Al-Mashat and T ay lo r, 1980) but o th e rw ise  th e r e  i s  l i t t l e  r e c e n t  
evidence to  a s s o c i a t e  th ese  b a c te r i a  w ith  c a l f  d ia r rh o e a  (Firehammer and 
Myers, 1981; P resco tt and Bruin-Mosh, 1981).
There a re  no e s t a b l i s h e d  causes  of c a l f  d ia r rh o e a  t h a t  invo lve  th e  
immunogenic h e a t  l a b i l e  e n te ro to x in  (LT) t h a t  i s  produced by some E. c o l i  
which enab les  them to  cause d ia r rh o e a  in  o th e r  s p e c ie s  y e t  38% (Whipp and 
Donta, 1976) and 87% (Dobrescu, 1979) of c a t t l e  surveyed produced n eu tra lis ing  
antibody to  LT. The presence of these antibodies may be evidence of in fec tion  
by an LT producing micro-organism th a t  may have caused diarrhoea. Heat la b i le  
e n te ro to x in  producing b a c t e r i a  t h a t  m ight be p o t e n t i a l  cau ses  o f  d ia r rh o e a  
include some E. c o li  rare ly  iso la ted  from calves (E l l i s  and Keinholz, 1977) or 
healthy c a t t l e  (Bettlheim and Wilson, 1982), Aeromonas hvdroohila (Dobrescu, 
1978; Kaper e t  a l . ,  1981) and Y e rs in ia  e n t e r o c o l i t i c a  (Swaminathan e t  a l . ,  
1982).
In dogs (Simpson, 1982) and man (Finland and Weinstein, 1953) b a c te r ia l  
overgrowth a c t iv a te d  by a n t i b i o t i c  t r e a tm e n t  may be a cause of i n t e s t i n a l  
malabsorption. A ntib io tic  treatm ent of c a l f  diarrhoea i s  common and may have 
been re s p o n s ib le  fo r  a p ro p o r t io n  o f  lengthened  in d iv id u a l  ep iso d es  of 
diarrhoea. The a n t ib io t ic  chloramphenicol has been shown to  cause diarrhoea 
in ca lv es ,  no t by b a c t e r i a l  overgrowth, but by in d u c t io n  o f  m a lab so rp tio n  
(R o llin  e t  a l . ,  1982).
Yet other causes of c a l f  diarrhoea may include d ie t  (Abe e t  a l . ,  1981) or 
malabsorption caused by renal dysfunction (Kruse, 1972).
Smith (1962) was unable to  find any association  between na tura l cases of 
ca lf  diarrhoea and s ig n if ic an t  changes in colonisation by c o li .  However, 
Smith and H a l ls  (1967) found t h a t  a sm all  p ro p o r t io n  o f  s t r a i n s  o f  E. c o l i  
iso lated  from unrelated cases of c a lf  and lamb diarrhoea caused d i la t io n  of
l ig a te d  c a l f  and lamb ileum and when in o c u la te d  by th e  o ra l  ro u te  caused 
severe diarrhoea. I t  was concluded th a t  a s t r a in  of c o l i  must p ro l ife ra te  
in the an te r io r  small in te s t in e  to reach abnormally high numbers (10? colony 
forming u n i t s / g  as  opposed to  10^ 4 c fu /g  in  c o n t r o l s )  and produce an 
enterotoxin. F a ilu re  to  associate  E  ^ c o li  with c a l f  d iarrhoea in the e a r l ie r  
work of Smith was probably due to  the complex aetiology of the disease and the 
selection of animals suffering from diarrhoea caused by other agents.
Under e x p e r im e n ta l  c o n d it io n s ,  most E. c o l i  t h a t  cause c a l f  d ia rrh o e a  
produce a heat s tab le  enterotoxin (ST) which causes f lu id  sec re tio n  in to  the 
in te s t in a l  lumen (Smith and Gyles, 1970). Production of ST by c a lf  and lamb 
e n te ro to x ig e n ic  JL_ c o l i  i s  a lm ost alw ays a s s o c ia te d  w i th  a K99 an tigen , 
de tec ted  by s l i d e  a g g lu t i n a t io n  (G uinee e t  a l . ,  1 976), w hich  a s s i s t s  
c o lo n is a t io n  of th e  c a l f  ileum (Smith and Huggins, 1978). Consequently, 
d e t e c t i o n  o f  ST by th e  s u c k l in g  mouse t e s t  and o f  K99 by th e  s l i d e  
agglutination t e s t  have been used to  d i f fe re n t ia te  p o te n t ia l ly  pathogenic E. 
co li from commensal E*. co li  in faeces and in te s t in e  (Moon e t  a l. ,  1976).
The frequency of a s s o c ia t io n  of K99+ e n te ro to x ig e n ic  E. c o l i  w ith  c a l f  
d ia rrhoea  c a se s  has been rep o r te d  as 25% (Acres e t  a l . , 1975) and 10% (Morin 
e t  a l . ,  1976) in  Canada, 30% (Moon e t  a l . ,  1978) and 14% ( Isa a c so n  e t  a l . ,  
1978a) in  th e  U.S.A., uncommon (De Leeuw e t  a l . ,  1979) and 45% (Moerman e t  
a l . ,  1982) in  th e  N etherlands , annually  v a r i a b le  from 5 to  47% in  I s r a e l  
(Kornitzer and Tamarin, 1979), 14% (Rycke e t  a l.,  1981) and 5% (Perrin  e t  al., 
1981) in France and 37% in Japan (Ueda e t  a l . ,  1981). In most s t u d i e s  K99+ 
E. co li  were ra re ly  or not a t  a l l  iso la ted  from calves without diarrhoea.
Surveys of colostrum and adult c a t t l e  serum revealed no antibody to  K99 
(De Leeuw e t  a l . ,  1979; K orn itze r  and Tamarin 1979) a ltho ugh  c a lv e s  t h a t  
surv ived  KQQ* E. c o l i  i n f e c t io n  produced serum antibody to  K99 (De Leeuw e t  
al., 1979). The discrepency between the frequency of K99+ iL  co li  associated 
d ia rrho ea  and th e  frequency of K99 antibody may be due to  e i t h e r  a high 
m ortality , poor persistence of K99 antibody or in h ib i t io n  of K99 synthesis in 
the in te s t in e s  of adult c a t t le .
All surveys showed t h a t  cases  of c a l f  d ia r rh o e a  were o f te n  mixed 
infections but in fec tion  with K99+ iL c o li  was associated  w ith a very watery 
diarrhoea w ithin  the f i r s t  week, but usually within th ree  days of l i f e .  This 
c l in ic a l  p ic tu re  has been described as almost d iagnostic  (Isaacson; personal 
communication).
Although p i g l e t  e n te ro to x ig e n ic  c o l i  u su a l ly  produce a K88 or 987p 
a n tig en  which a c t s  as an adhesin in  the  same way as K99 in  ca lv es  K88” E. 
c o l i  a re  sometimes i s o la t e d  as th e  only cause of d ia r rh o e a  in  p i g l e t s .  A 
significant proportion of these s t ra in s  produce K99 (Moon e t  a l., 1977, Guinee 
e t  a l . ,  1977a; Moon e t  a l . ,  1980; Smyth e t  a l . ,  1981; Lund e t  a l . ,  1982; 
M orris e t  a l . ,  1982a) and p o ss ib ly  f in d 'a n  e c o lo g ic a l  r o le  by i n f e c t i o n  of 
p i g l e t s  a r t i f i c i a l l y  or n a tu r a l ly  immunised to  K88 or p i g l e t s  g e n e t i c a l l y  
r e s i s t a n t  to  K88+ E. c o l i  (R u tte r  e t  a l . ,  1975). Although i t  has not been 
documented i t  i s  p o ss ib le  t h a t  K99+ £*. c o l i  in f e c te d  p i g l e t s  may be a 
reservo ir  of in fec tion  for calves.
Par t  2. Experimental i n f e c t i o n s  of  ca lv e s  and lambs with K99+
Escherichia c o l i : fac tors  tha t  may control suscep t ib i l i ty .
(a) The e ffe c t  of dose, age and feeding of colostrum on su sce p tib i l i ty .
Experim ental in f e c t io n  w i th  EL c o l i  has been used to  confirm  and 
es tab lish  the aetiology of neonatal c a l f  diarrhoea. Success has depended on 
the age of c a lf ,  whether they received colostrum, and the dose and s t r a in  of 
bacteria  used (Schoenaers and Kaeckenbeeck, 1975).
S uccess fu l  challenge  depended upon th e  p r o d u c t io n  o f  p a th o g e n ic  
d e te rm in a n ts  by the  s t r a in  o f  E^ c o l i  used. Smith (1962) was unable  to  
a s s o c ia te  d ia r rh o e a  in ca lv es  w i th  E^_ c o l i  u n t i l  s t r a i n s  ab le  to  d i l a t e  
l iga ted  sections of ileum were used (Smith and Halls, 1967). Later, se lec tion  
of s t ra in s  with enterotoxin hwas^shown to  co rre la te  with pathogenicity so long 
as they a lso  produced K99 a n tig e n  which a s s i s t e d  c o lo n i s a t io n  (Smith and 
Huggin, 1978). In the case of some E^  c o li  K99 and enterotoxin production did 
not ensure  p a th o g e n ic i ty  u n le s s  a cap su le  was produced (Hadad and Gyles, 
1982a; Sojka e t  a l . ,  1978). Although c a l f  e n te ro to x ig e n ic  E. c o l i  o f te n  
produce a capsu le  (Sojka, 1965) e x p e r im e n ta l  in f e c t io n s  o f c a lv e s  w ith  
acap su la r  s t r a i n s  have succeeded (Pearson  e t  a l . ,  1978; Pearson and Logan, 
1979; Pearson and Logan, 1982). These have been in  c a lv e s  deprived  o f  
colostrum  and may be an in d ic a t io n  of th e  im portance of a capsu le  f o r  
bacteria l  survival of passive host immunity.
KQQ* E. c o l i  have been i s o l a t e d  only from c a lv e s  l e s s  than  one week old  
w ith  a severe  watery d ia rrh o e a .  E xperim ental i n f e c t io n s  have succeeded in  
producing a severe watery diarrhoea so long as calves were le s s  than 36 hours 
old (an e a r ly  example; Smith and H a l ls ,  1967: a re c e n t  example, T z ip o r i  e t  
a l . ,  1981). Inc reased  r e s i s t a n c e  to  i n f e c t i o n  w ith  age i s  probably due to  a 
l o s s  of the  K99 re c e p to r  on i l e a l  e n te ro c y te s  so t h a t  KQQ+ E. c o l i  a re  no 
longer able to  colonise the i l e a l  mucosa (Runnels e t  a l.,  1980).
The dose of K99+ E. c o l i  used has v a r ie d  from 10^ colony form ing u n i t s  
(for example, Pearson and Logan, 1979) to  5 x 10^  cfu (for example, Kornitzer 
e t  a l . ,  1980) and has o f ten  r e l a t e d  t o  w hether or not co lostrum  was fed  to  
ca lves . This i s  in  l i n e  w ith  the  o b se rv a t io n  of Smith and H a lls  (1967) t h a t  
calves le s s  than 36h old and fed colostrum were much more d i f f i c u l t  to  in fe c t  
than calves deprived of colostrum. Successful challenges have been used in
th e  form of an o v e rn ig h t  b ro th  c u l tu r e  or b a c te r ia  grown on s o l id  medium 
resuspended in saline or rnilk (Smith and Linggood, 1972).
There are no published attem pts to  assess the minimal in fec tive  dose or 
le th a l  dose 50 of calves fed colostrum lacking K99 antibody. The success of 
challenge of calves fed colostrum lacking antibody to  K99, however, even with 
10*1° -  10*^ colony form ing u n i t s  has v a r ie d  from 75% (Schoenaers and 
Kaeckenbeeck, 1975) to  90% (Bellamy and Acres, 1979) and in most experiments 
has been l e s s  than 100% (K o rn itze r  e t  a l . ,  1980; Wilson and J u t i l a ,  1976; 
Acres e t  a l . ,  1979; Newman e t  a l . ,  1973; Myers, 1978).
The re la tionsh ip  of dose to  passive protection provided by colostrum may 
be important in the e lucidation  of the epidemiology of c a l f  diarrhoea since 
management could a f f e c t  r e g u la t io n  of co lostrum  feed ing  and thecalv ing  and 
housing conditions e i th e r  detrim ental or conducive to. the leve l of challenge 
susceptible calves would be l ik e ly  to  encounter (Bakheit and Green, 1981).
(b) The e ffec t of combined in fec tio n s  on su scep tib i l i ty .
Observed combined KQQ+ E. c o l i  and r o ta v i r u s  i n f e c t i o n s  in  f i e l d  
cases  of c a l f  d ia rrh oea  (Acres e t  a l . ,  1975; Morin e t  a l . ,  1976; Moon e t  a l . ,  
1978) have stimulated in te r e s t  in combined experimental in fec tion s  with these 
agents. In ca lves  6 days o ld  in o c u la t io n  w ith  r o ta v i r u s  has a llow ed  
m ultip lica tion  of a l a t e r  inoculum of K99+ Ex. co li  but there  was no increase  
in  th e  s e v e r i ty  of symptoms (Snodgrass e t  a l . ,  1982b). Conversely , combined 
infection of calves 7 to  14 days old with ro tav irus  and K99+ E^  c o li  s t r a in s ,  
unable individually to  cause diarrhoea in animals older than 7 days, produced 
diarrhoea (Tzipori e t  a l.,  1981). The severity  of symptoms were not reported , 
K99+ Ex. co li  were i r regu la r ly  detected and the s tra in  of bacterium was highly 
unusual in th a t  i s  was reported to  produce the heat la b i le  not the heat s ta b le  
form of en te ro to x in .  Combined i n f e c t i o n s  in  10 day old g n o to b io t ic  c a lv e s  
have succeeded in producing more sev ere  d ia r rh o ea  than e i t h e r  r o t a v i r u s  or 
K99+ E. c o l i  alone (Gouet e t  a l . ,  1978). M od ifica tion  of symptoms due to  a 
lack  of a normal f l o r a  could not be excluded. Combined i n f e c t i o n s  of 
colostrum  deprived lambs w ith  r o t a v i r u s  and KQ9+ E. c o l i  led  to  a h ig h e r  
m ortality  ra te  but duration of diarrhoea was no greater than th a t  produced by 
e i th e r  agent alone (Wray e t  a l . ,  1981). Despite the experimental evidence in 
favour of dual in f e c t io n s  le a d in g  to  in c re a se d  s u s c e p t i b i l i t y  t o  i n f e c t i o n  
w ith  K99+ E. c o l i  in  c a lv es  more than  3 days o ld , n a tu ra l  i n f e c t i o n s  have
occurred most commonly in c a lv e s  l e s s  than 3 days old (Acres e t  a l . ,  1975; 
Moon e t  a l . ,  1978).
(c) F a c to rs  t h a t  a f f e c t  th e  s u s c e p t i b i l i t y  of a sm all  animal model to  
infection withE. coli.
Duchet-Suchaux (1980) found th a t  as few as 10 K99+ E* c o l i  could cause a 
l e t h a l  d ia r rh o ea  in  su c k l in g  mice and suggested  t h e i r  use as  a model fo r  
neonatal c a l f  d ia r rh o e a .  An E. c o l i  K12 transcordugate of E. c o l i  B41 t h a t  
produced both K99 and h ea t-s tab le  enterotoxin could not cause diarrhoea and 
suggested a requirement fo r other pathogenic determinants.
K88+ or KQQ* E. co li  in fec tions  of adult mice, from whch a coliform f lo ra  
had been removed with streptomycin, led to  loss  of K88 and K99 production by 
colonised E*. c o l i . This e ffe c t  could not be reproduced by in -v i t ro  growth of 
bacteria  a t  high pH, low redox po ten tia l  and long incubation period (Ketyi e t  
a l., 1978). In in fec tions  of suckling mice with K99+, heat s tab le  en tero toxin  
negative  EL c o l i ,  however, th e re  was an enrichm ent of adhesin  producing 
b a c te r ia  which, i t  was concluded, was probably due to  s e l e c t i o n  by th e  
presence of receptors fo r the adhesin in suckling mice absent from adu lt  mice. 
The loss  of adhesin production could not be a ttr ib u ted  to  an immune response 
since i t  could occur within 3 days. Since older calves lack an i l e a l  receptor 
fo r  K99 (Runnels e t  a l . ,  1980) t h i s  form of p h y s io lo g ic a l  r e s i s t a n c e  m igh t 
produce an a l te ra t io n  of phenotype in pathogenic Ex. co li  s im ila r  to  th a t  seen 
in  mice. One outcome i s  the  p o s s i b i l i t y  of c a r r ia g e  of K99” h e a t  s t a b l e  
enterotoxin positive  E*. c o l i  by adult c a t t le .
(d) The e ffec t  of colostrum from vaccinated dams on su s c e p t ib i l i ty .
P i g l e t  d i a r r h o e a  c au se d  by K88+ Ej. c o l i  c o u ld  be p r e v e n te d  by 
imm unisation ofthesowwith th e  adhesive  an tig en  K88 (R u t te r  and Jo n es , 1973) 
and because K88 antibodies in colostrum inhibited  adhesion of K88+ EL c o l i  to  
in te s t in a l  t is su e  .in v i t r o , whereas other antibodies could not be re la te d  to  
protection, i t  was concluded th a t  protection was associated with in te rfe ren ce  
of colonisation (Rutter e t  a l.,  1975).
An iden tica l approach has been adopted for diarrhoea in calves caused by 
K99+ E. c o l i . Colostrum from dams immunised w ith  p u r i f i e d  K99, o r  w i th  a
whole ce ll  bacterin  th a t  contained K99, protected th e i r  offspring against oral 
in o c u la t io n  w ith  K99+ JL. c o l i  which caused a f a t a l  d ia r rh o e a  s u f f e re d  by 
c a lv es  from u n ino cu la ted  dams (Newman e t  a l . ,  1973; Acres e t  a l . ,  1979; 
K orn itze r  e t  a l . ,  1980; Nagy, 1980; Snodgrass e t  a l . ,  1982a).
Evidence in support of the pro tective  e ffec t  of antibody to  K99 alone was 
indicated by the su s c e p t ib i l i ty  of calves which received colostrum from dams 
vaccinated with the somatic 0 and capsular K antigens of the challenge s t r a in  
but not with K99 (Acres e t  a l.,  1979). Evidence against the p ro tec tive  e f fe c t  
of antibody to  K99 a lone  was in d ic a te d  by the  r e s i s t a n c e  of c a lv e s  which 
rece ived  co lostrum  from dams v a cc in a ted  w ith  the som atic  0 and K c a p s u la r  
antigens of the challenge s t r a in  but not with K99 (Myers, 1978). Whilst K99 
antibody probably a f f e c t s  c o lo n is a t io n  by in h ib i t io n  of adhesin  (M orris  e t  
a l . ,  1980 b) exp erim en ts  w ith  v a c c in a t io n  have in d ic a te d  a r o l e  in  immunity 
for antibody to capsular antigens.
Vaccination against K99+ E*. c o l i  diarrhoea has been used successfu lly  in 
natural outbreaks of the disease (Myers, 1976; Acres e t  a l. ,  1976; D an ie lli  e t  
a l . ,  1979). In a l l  c ase s  th e  v acc ine  was a b a c te r in  composed o f  a number of 
s t r a i n s  or was de rived  from the  s t r a i n  i s o l a t e d  from the  herd  on which th e  
vaccine was used.
Since many K99+ E±. c o li  are non-motile a positive  chemotactic response to  
the i le a l  epithelium seems unlikely as a major ta rg e t  fo r  host immunity.
Although the exact mechanism of immunity to  c a lf  diarrhoea caused by K99+ 
E. coli is  unknown, provision of passive immunity to calves by colostrum from 
dams vaccinated with bac te r ia  has affected the incidence of na tu ra l d isease  
(Acres and Radostits, 1976; Myers, 1976). The efficiency of vaccination  may 
depend upon the s i t e  of inoculation of the dam. Production of b a c te r io s ta t i c  
milk from a l l  four mammary glands has depended upon inoculation of indiv idual 
glands, (Wilson 1972).
The severity of diarrhoea in experimentally infected calves fed colostrum 
from K99* JL_ co li  vaccinated dams was inversely re la ted  to  le v e ls  of IgM and 
IgA, specific  for K antigens, present in co lostra  and bore no re la t io n sh ip  to  
IgG levels (Wilson and J u t i la ,  1976).
(e) Genet ic r e s i s t a n c e  to  i n f e c t i o n  with  e n te r o to x ig e n ic  E sc h e r ich ia
c o l i .
Genetic res is tance  to  K88+ E*. co li  infection has been found in p ig le ts  to  
r e l a t e  to  a lack  of a r e c e p to r  s i t e  on i l e a l  e n te ro c y te s  fo r  th e  adhesin  K88 
which i s  in h e re te d  in  a r e c e s s iv e  Mendelian manner (R u t te r  e t  a l . ,  1975). A 
consequence of th is  i s  th a t  heterozygote susceptible p ig le ts  born of r e s i s t a n t  
sows receive colostrum which i s  not protective and, therefore , often su ffe r  
d iarrhoea  caused by K88* E. c o l i . This type of r e s i s t a n c e  in  c a lv e s  has no t 
been investigated probably because colostrum deprived calves l e s s  than 3 days 
old have in v a r ia b ly  been s u s c e p t ib le  to  K99+ E* c o l i  i n f e c t i o n  (Pearson e t  
a l . ,  1978; Pearson and Logan 1979).
Part 3. Detection of enterotoxigenic K99+ Escherichia c o l i  in faeces.
(a) Detection of enterotoxin.
Most E. c o l i  cause d ia rrh o ea  in  th e  c a l f  p a r t l y  by th e  production  of a 
heat stab le  enterotoxin (ST) which causes f lu id  secre tion  in to  the i le a l  lumen 
and may be detected by inoculation of l iga ted  c a l f  in te s t in a l  loops (Smith and 
Gyles, 1970), i n t r a g a s t r i c  in o c u la t io n  of su c k l in g  mice (Dean e t  a l . ,  1972) 
and by i t s  low molecular weight in SDS-Poly aery lam ide ge ls  stained by special 
techn iques (P e s t i  and Lubacs, 1981). The su c k l in g  mouse assay i s  prone to  
f a l s e  p o s i t iv e  and n e g a t iv e  r e a c t io n s  which dependedonthe medium in which 
bacteria  were grown (Gianella, 1976). There i s  no biochemical c h a ra c te r is t ic  
t h a t  w i l l  a llow  s e l e c t i o n  or d i f f e r e n t i a t i o n  o f  ST producing E. c o l i  from 
o th e rs  in  a medium (B raaten  and Myers, 1977). Heat s t a b le  e n te ro to x in  i s  
poorly immunogenic (Alderete and Robertson, 1978) and hope of i t s  detection  by 
an immunoassay and i t s  use as  a vacc ine  was not good. R ecen tly , however, 
antibody to  ST was produced by con jug a tion  w ith  an immunogenic c a r r i e r  
molecule ( K l ip s te in  e t  a l . ,  1981) such as th e  h e a t  l a b i l e  e n te ro to x in  (LT) 
produced by e n te ro to x ig e n ic  E. c o l i  t h a t  cause d ia r rh o e a  in  o th e r  sp e c ie s  
(Klipstein e t  a l. ,  1982). Antibody to  the complex was shown to  n eu tra lise  the 
e f f e c t s  o f ST and LT in  r a t s .
(b) Detection of K99 antigen.
Some pig e n te ro to x ig e n ic  £*. c o l i  produce an an tigen ica lly  d i s t in c t  but 
functionally s i m i l a r  a n tig en  to  K99 c a l le d  K88. I t  i s  p h e n o ty p iea l ly  
a sso c ia ted  w ith  haem olysis  (Smith and Linggood, 1971) and a l s o  r a f f in o s e  
fermentation which i s  plasmid determined and usually co-transm issable  with K88 
(Smith and P a r s e l l ,  1975). D i f f e r e n t i a t i o n  o f  K88+ from K88~ E. c o l i  from 
faeces  i s  s im p l i f i e d  by the  use of blood agar or a medium t h a t  d e te c t s  
raffinose fermentation.
P r o d u c t io n  o f  K99 and h e a t  s t a b l e  e n t e r o t o x i n  i s  n o t  r e l i a b l y  
pheno ty p iea lly  a s s o c ia te d  w ith  any c h a r a t e r i s t i c  t e s t e d  so f a r  t h a t  would 
allow s e l e c t io n  o f  K99+ from K99" Es. c o l i  on c u l t u r e  medium (B raa ten  and 
Myers, 1977). The detection of K99+ E*. co li  r e l i e s  on se ro log ica l recognition 
of K99 from colonies on a medium th a t  allows K99 production (Burrows e t  a l . ,  
1976; Guinee e t  a l . ,  1976). Escherichia co li  th a t  produce K99 can, therefo re , 
be d e tec ted  a t  a l e v e l  of s e n s i t i v i t y  l im i te d  by th e  number o f  c o lo n ie s  a
worker i s  p repared  to  t e s t  from one sample of fae ce s .  In p r a c t ic e  t h i s  i s  
rarely more than ten colonies, more often three, so th a t  K99+ Ik  c o li  would be 
re liab ly  detected only i f  they comprised a t  l e a s t  10% of the coliform flo ra . 
Faeces from c a lv e s  w ith  d ia rrh o ea  caused by K99+ E. c o l i  may co n ta in  109 E. 
c o l i / g  o f which a t  l e a s t  99% would produce K99 and may e x p la in  why i t  i s  
alm ost always t h i s  kind of sample from which th e se  b a c t e r i a  a re  i s o l a t e d  
(Smith and Huggins, 1978).
Orskov e t  a l.  (1975) were the f i r s t  to  note the e f fe c t  of cu ltu ra l  medium 
on the production of K99 detected by a s l id e  agglu tination  te s t .  Since then 
there has been considerable confusion about the conditions of cu ltu re  which 
a f f e c t  the  p roduction  of K99 la rg e ly  because i t  has been d i f f i c u l t  to  
d i s t in g u is h  between a r t i f a c t s  of media p re p a ra t io n  and th e  e f f e c t s  of 
ex p e rim en ta tio n . Some work has suggested  t h a t  r i c h  media enhance capsu le  
production  which masks K99 making i t  d i f f i c u l t  to  d e te c t  by a s l i d e  
agglutination t e s t  (Orskov e t  a l., 1975; Guinee e t  a l. ,  1976; Isaacson e t  a l., 
1978b). Other f a c t o r s  t h a t  were thought to  a f f e c t  K99 p ro d u c tio n  were pH, 
incub a tion  tim e and g lucose  induced c a t a b o l i t e  r e p re s s io n  (Guinee e t  a l . ,  
1976; Guinee e t  a l . ,  1977b; Isaacson , 1980). The in c lu s io n  of a m ix tu re  of 
glucose and vitam ins (Isovitalex) in minimal medium was thought to  s t a b i l i s e  
K99 2nd reduce the e f fe c t  of incubation time (Guinee e t  a l. ,  1977b).
De G raaf e t  a l .  (1980, a) used an enzyme l in k e d  immunosorbent assay to  
d e te c t  K99 in  u l t r a s o n ic a te d  b a c t e r i a  to  show t h a t  JEk c o l i  w ith  som atic  
an tigen  0101 produced ten  t im es  as much K99 as  E. c o l i  w i th  08, 09 or 020 
an tigens . They a lso  confirm ed th e  o r ig in a l  o b se rv a t io n  o f  Orskov e t  a l .  
(1975) t h a t  K99 was not produced a t  tem p era tu re s  low er than  25°C som ething 
which has no t been d isp u ted  s ince  (Burrows e t  a l . ,  1976; I sa a c so n , 1980; 
G irardeau e t  a l . ,  1980, b). De Graaf e t  a l .  (1980, a) showed t h a t  the  
production of K99 was repressed in the absence of oxygen and th i s  a lso  has not 
been d isp u ted  (Isaacso n , 1980; G irardeau e t  a l . ,  1980, b). De G raaf e t  a l .  
(1980, b) however, were unable to  reproduce ca tab o li te  repression  by glucose 
but K99 production was inh ib ited  D or L alanine. This finding was confirmed 
by Girardeau e t  a l. (1980,a) and was extended to  show th a t  glucose repression  
observed by others was probably an a r t i f a c t  of medium preparation. Provided 
s t e r i l e  g lucose  was added to  medium a f t e r  s t e r i l i s a t i o n  o f  th e  o th e r  
c o n s t i tu e n ts  c o n c e n tra t io n s  as high as 2% were no t i n h ib i t o r y .  Media 
containing glucose with sub-inhibitory concentrations of alanine with glucose 
s te r i l i s e d  in the autoclave completely inh ib ited  production of K99 (Girardeau
e t  a l . ,  1980, b). This was a t t r i b u t e d  to  th e  fo rm a tio n  o f  p roducts of 
M a il la rd - ty p e  browning r e a c t io n s .  Furtherm ore cap su le  p roduction  was no t 
affected by glucose in the medium.
I t  i s  g e n e ra l ly  considered  t h a t  the  redox p o t e n t i a l  of the  i n t e s t i n a l  
lumen i s  low because of th e  i s o l a t i o n  of b a c t e r i a  from t h i s  s i t e  w ith  a 
requ irem en t f o r  anaerob ic  growth c o n d it io n s .  I t  i s  p robab le  t h a t  the  redox 
p o te n t i a l  i s  to o  low a t  t h i s  s i t e  fo r  K99 p rod uc tion  and su g g e s ts  e i t h e r  
special n u tr ien t  conditions for synthesis of K99 In vivo or th a t  the mucosal 
la y e r  of the  n eonata l c a l f  sm all i n t e s t i n e  has a h igh redox p o t e n t i a l .  
R e s t r i c t io n  of K99 p roduction  may a lso  occur In v ivo  e s p e c ia l ly  in th e  
ruminating animal. Alanine i s  re leased  by rumen b a c t e r i a  (Stevenson, 1978) 
and amounts released would be affected by d ie t  as a r e s u l t  of ammonia intake 
and f i x a t i o n  (Blacke e t  a l . ,  1981). Isaacson  (1980) has p o s tu la te d  t h a t  
b a c te r i a  e x c re ted  from a c a l f  w ith  E. c o l i  d ia r rh o e a  a r e  those  which do not 
have K99 on t h e i r  su r fa c e  as a r e s u l t  of n u t r i t i o n a l  fo r c e s ,  and th e r e f o re ,  
could not adhere to  the i le a l  mucosa. This might explain the general lack of 
s e n s i t iv i ty  of enzyme linked immunosorbent assays for K99 in  faeces (Sherwood, 
personnal communication; Z ijae rfe ld ,  personnal communication) and the success 
of immunofluorescence and immunoperoxidase methods on sec tions of ileum from 
E. co li  infected calves (Morris, personnal communication).
Part 4. Pathogenesis of diarrhoea in calves caused by Escherichia c o l i : the 
ro le  of enterotoxin and adhesins.
(a) Enterotoxin.
Heat s t a b le  e n te ro to x in  produced by E sc h e r ich ia  c o l i  pa thogenic  fo r  
ca lves  causes s e c re t io n  of f l u id  i n to  th e  ileum by s p e c i f i c  a ttach m en t to  
brush border membranes (G iane lla  and L u t t r e l l ,  1982) and by a c t iv a t in g  
calmodulin by increasing in t ra c e l lu la r  lev e ls  of 3*5* cyclic  AMP and calcium 
in i le a l  enterocytes (Bywater, 1982).
Heat s t a b le  e n te ro to x in  (ST) has been p u r i f i e d  by a v a r ie ty  of methods 
(Jacks and VJu, 1974; A ldere te  and Robertson, 1978; Kapitany e t  a l. ,1978; 
L a l l i e r  e t  a l . ,  19 8O; S ta v r ic  e t  a l . ,  1980) and in  a l l  cases  has been a 
p ro te in  (MVJ 1000-10,000), h ighly  r e s i s t a n t  to  a wide range of pH, h e a t ,  
o rgan ic  s o lv e n ts  and d ig e s t iv e  enzymes. I t s  general resistance  i s  probably 
due to  a high content of cystines. Future p u r if ic a t io n  may be f a c i l i t a te d  by 
c e l l - f r e e  sy n th e s is  o f ST from a cloned gene (Lathe e t  a l . ,  1980) or by 
optimal cu ltu re  conditions for ST production (Alderete and Robertson, 1977 a 
and b; Johnson e t  a l . ,  1978).
The h e a t  s t a b le  e n te ro to x in  produced by E. c o l i  i s o l a t e d  from c ases  of 
d ia r rh o e a  in  man had a m olecular w eigh t o f  1 ,972, was composed of 18 amino 
a c id s ,  of which 6 were c y s te in e ,  and whose sequence was common w ith  a 
proportion of th a t  of enterotoxins from p ig le t  s t ra in s  (Staples e t  a l.,  1980). 
This e n te ro to x in  has re c e n t ly  been sy n th e s ise d  and r e t a in e d  th e  same 
p ro p e r t i e s  as the  n a tu ra l  p ro te in  (K l ip s te in ,  e t  a l . ,  1983)- E n te ro to x in s  
from Ek c o l i  t h a t  cause d ia rrh o ea  in  o th e r  sp e c ie s  g e n e ra l ly  sh a re  t h e i r  
p ro p e r t i e s  w ith  those  of K99* E. c o l i  w ith  the  excep tion  of the  t e s t  system 
fo r  t h e i r  d e te c t io n ,  fo r  example r a b b i t  i l e a l  loops (Whipp e t  a l . ,  1981) and 
pig i le a l  loops (Kashiwasaki e t  a l.,  1981). This ind ica tes  the p o ss ib i l i ty  of 
o th e r  c a l f  e n te ro to x ig e n ic  E. c o l i  t h a t  may produce an ST not a c t iv e  in  th e  
suckling mouse assay.
Heat s tab le  enterotoxins with s im ila r  p roperties  to  those made by Eu c o li  
are  produced by Y ers in ia  e n t e r o c o l i t i c a (Nunes and R i c c i a r d i ,  1 98 1 ) ,  
Enterobacter cloaca (Klipstein and Engert, 1976 a) and K lebsie lla  pneumoniae 
(Klipstein and Engert, 1976 b) iso la ted  from cases of human diarrhoea.
(b) Adhesins. Colonisation of animal t is su es  or surfaces often requires th a t  
pathogens are able to  r e s i s t  the normal defence mechanisms. Examples include 
washing of conjunctiva by lachrymal f lu id , flushing of the u reter, bladder and 
urethra by urine and removal from the in te s t in a l  mucosa by p e r i s ta ls is .  The 
microorganism r e s i s t s  these defence mechanisms by attachment to  the surface of 
the  t i s s u e  by an adhesin  w ith  a s p e c i f i c  b ind ing  a c t i v i t y  fo r  a s u r f a c e  
re c e p to r  s i t e .  The h aem agg lu tina ting  a b i l i t y  of some b a c te r i a ,  i t s  
c o r r e l a t io n  w ith  adhesion to  s u b s t r a t e s  of anim al o r ig in ,  c o lo n is a t io n  and 
p a th o g e n ic i ty  have been known fo r  sometime and have been reviewed by Jones 
(1977), Duguid and Old (1980) and G aas tra  and De Graaf (1982). The s t r u c tu r e  
and c l a s s i f i c a t i o n  of adhesins and h aem agg lu tin in s  have been review ed by 
B rin ton  (1965) and Smith (1982). Although the  s t r u c tu r e  of some a d h es in s  
could no t be defined  (Ip  e t  a l . ,  1981; Cantey e t  a l. ,1981 ; V e s ik s a r i  e t  
al.,1981; Jones and Richardson, 1981; Morris e t  a l., 1982b) and some are known 
to  involve  the  som atic  0 an tig en  (C h i tn is  e t  a l . ,  1982) most a re  f im b r ia e .  
Fimbriae are f ine  h a ir  l ik e  s tru c tu re s  th a t  extend from the b ac te r ia l  surface. 
They may be several hundred nanometres long but are generally le s s  than 10nm 
wide. Where they have been p u r i f i e d  they have been shown to  c o n s i s t  of 
su b u n its  of one type w ith  a m olecu la r  w e igh t of 12,000-30,000 which w i l l  
spontaneously assemble in to  fimbriae under physiological conditions. Several 
attempts have been made to  c la ss ify  fimbriae by th e i r  s tru c tu re  (Smith, 1982) 
but for the purpose of th is  th e s is  the fim briae of jk  co li  can be divided in to  
3 groups. One or two sex f im b r ia e  a re  produced per c e l l  by E. c o l i  a b le  to  
t ransfe r  genetic m aterial by conjugation to  j k  co li th a t  do not produce these 
fimbriae. They are generally s l ig h tly  la rger  than other fimbriae and usually  
possess s p e c i f i c  b inding  a c t i v i t y  fo r  c e r t a i n  bac te r io p h ag e . Mannose 
sensitive  fimbriae, sometimes called  type 1 fimbriae which are produced by 
most E. c o l i T a re  ab le  to  cause a g g lu t in a t io n  of e ry th ro c y te s  from a wide 
range of sp e c ie s  but only weakly or not a t  a l l  from sheep, go a t  or ox. This 
a g g lu t in a t io n  w i l l  occur a t  37°C and can be in h ib i t e d  by D-mannose which 
indicates th a t  the receptor on erythrocyte membranes i s  closely re la ted  to  D- 
mannose. Production of mannose sens it iv e  fimbriae occurs best in s t a t i c  broth  
c u l tu re  a t  37° Tor 24h or longer. Mannose r e s i s t a n t  f im b r ia e  which a re  
produced by some E. co li  cause agglu tination  of erythrocytes from a wide range 
of species, a t  4°C, and are best produced on so lid  medium or in aerated broth 
c u l tu re .  Receptors fo r  mannose r e s i s t a n t  f im b r ia e  on e ry th r o c y te s  a re  
probably complex and in v e s t i g a t io n s  have rev ea led  th e  s t r u c t u r e  of few. 
Mannose r e s i s ta n t  and mannose sens it ive  fim briae can also be d i f fe re n t ia te d  by 
th e i r  appearance in e lectron  micrographs. Mannose sen s it iv e  fim briae  appear
more r ig id  and follow a s t ra ig h te r  l in e .  Mannose r e s i s ta n t  fim briae are  the 
principle  concern of th is  thes is .
The association of firnbriae with the a b i l i ty  of pathogenic Gram negative 
b a c te r ia  to  c o lo n ise  h o s ts  has o f ten  been observed. Recently i n v e s t ig a te d  
examples of t h i s  inc lude  Haemophilus in f lu e n z a e  (Kahn and Gromkova, 1981; 
S c o t t  and Old, 1981), M orexella bovis (Pedersen e t  a l . ,  1972), B o rd e te l la  
-b ro n c h ise p t ic a  (C o llin g s , 1983), Pseudomonas aerug inosa  (Woods, 1980) and 
Neisseria gonorrhoeae (V i r j i  e t  a l. ,1982).
Some fim brial adhesins are transm iss ib le  by conjugation and are  probably 
plasmid coded but are sometimes associated  with a re s t r ic te d  number of somatic 
an tig en  types  (K orn itze r  and Tamarin, 1979). Examples include the adhesins 
produced by K99+ c a l f  e n te ro to x ig e n ic  E. c o l i  (Burrows e t  a l . ,  1976), c a l f  
in v as iv e  E. c o l i  (M orris e t  a l . ,  1982b), pig en te ro pa tho gen ic  K88* E. c o l i  
(Orskov and Orskov, 1966), Yersinia en te roco li t ica  (Vesikari e t  al.,1981) and 
human enterotoxigenic EL c o li  (Evans e t  a l. ,  1975). Other adhesins, however, 
show no association with plasmids fo r  example those produced by uropathogenic 
E. co li  (Waalwijk e t  al.,1982), Ek c o l i  producing 987p and enterotoxigenic fo r 
p ig le t s  (G aastra  and De G raaf, 1982) and E. c o l i  th a t  cause dysen tery  in  man 
(Nandadasa e t  al.,1981).
More than one type of fim briae can be produced by one s t r a in  of b ac te r ia  
and each may be involved in pathogenesis. The uropathogenic jk  c o l i  of humans 
may produce two or more types of f im b r ia e  (Jann e t  al.,1981) and d i f f e r e n t  
s t r a in s  produce s e r o l o g i c a l l y  u n r e l a t e d  (Korhonen e t  a l . ,  1982) and 
s t r u c tu r a l l y  u n re la te d  (Ofek e t  a l . ,  1981) f im b r iae .  V a r ia n ts  o f the  same 
s t r a i n rfN eisseria  gonorrhoeae produce s t r u c t u r a l l y  d i f f e r e n t  f im b r ia e  on 
conventional media (Lambden and Heckels, 1979) with only lim ited  sero log ica l 
c ro ss-reac tiv ity  (Lambden, 1982) which seemed to  be a phenomenon th a t  occurred 
with what was believed the same s t r a in  iso la ted  from male and female partners  
suffering gonorrhoea (Duckworth e t  al.,1983).
Par t icu lar  disease syndromes, for example neonatal diarrhoea of p ig le t s  
and humans a re  a s s o c ia t e d  w i th  pathogens t h a t  produce a d h es iv e  f i m b r i a e  
e s t a b l i s h e d  as im por tan t  pa thogenic  de terminants .  Recently, bac te r ia  with 
d i f f e r e n t  adhes ins ,  h i t h e r t o  u n c h a r a c t e r i s e d ,  have been i m p l i c a t e d .  
Diarrhoea in man has often been associated with j k  co l i  t h a t  produce CFAI and 
CFAII f im b r ia e  and a lso  now w i th  o th e r  e n te ro to x in  producing E. c o l i  w i th
d iffe ren t  mannose r e s i s ta n t  haemagglutinins(Bergman e t  a l . ,1 981). Escherichia 
c o l i  t h a t  produce K88, 987p or K99 a re  w ell e s ta b l is h e d  causes of n e o n a ta l  
d ia rrhoea  in p i g l e t s  but r e c e n t ly  e n te ro to x ig e n ic  j k  c o l i  w ith  d i f f e r e n t  
adhesins have been iso la ted  as the only po ten tia l pathogen (Smyth e t  al.,1980; 
Awad-Masalmeh e t  a l . ,1 982).
Adhesins may a l t e r  r e s i s t a n c e  to  ho s t  immunity as in  th e  case  of 
Neisseria gonnorrhoeae by increasing res is tance  to phagocytosis (Punsalang and 
Sawyer, 1973). The mannose sen s it iv e  haemagglutinin of K lebsie lla  pneumoniae 
causes adhesion to  polym orphonuclear leu co cy tes  but p reven ts  p h ag o cy to s is  
(Prusco e t  a l., 1982). Conversely, the mannose sensitive  haemagglutinin of E. 
co li increases su sc e p t ib i l i ty  to  phagocytosis by polymorphonuclear leucocytes 
( S i l v e r b l a t t  e t  al.,1979).
(c) Discovery and early charac te r isa tio n  of K99
A n t i s e r a  a b le  to  c a u se  a g g l u t i n a t i o n  of many c a l f  and lam b
/
enteropathogenic s t r a in s  of otherwise an tigenically  d i s t in c t  j k  c o l i  suggested 
a common a n t ig e n  a s s o c i a t e d  w i th  p a th o g e n ic i ty  (S o jk a ,  a p e r s o n a l  
communication c ited  by Smith and Linggood, 1972). Subsequently, t h i s  antigen 
was shown to  be transm iss ib le , normally assocated on wild type s t r a in s  with 
the  heat s t a b le  e n te ro to x in  desc r ib ed  by Smith and Gyles (1970), and whose 
lo ss  was associated with a lo ss  of pathogenicity (Smith and Linggood, 1972). 
The con jugative  p lasm id  t h a t  caused t ra n sm iss io n  of K99 a n t ig e n  was 50 
megadaltons in s ize  (So e t  a l . ,1 976).
The common a n t i g e n  o r  Kco, was n o t  p roduced  a t  18°C, l o s t  i t s  
a n t ig e n ic i ty  a f t e r  t r e a tm e n t  a t  100°C fo r  1 h , was i r r e g u l a r l y  a s s o c ia t e d  
w ith  haernagg lu tina tion  o f  guinea pig e ry th ro c y te s  and was d e s ig n a te d  K99 
(Orskov e t  a l., 1975). This antigen, l ik e  K88 of pig entero toxigenic  j k  c o l i . 
was given th e  p re f ix  K because of i t s  e f f e c t  on a g g lu t in a t io n  r e a c t io n s .  
F a i lu re  of l i v e  c u l tu r e s  to  a g g lu t in a te  in  an tiserum  to  so m a tic  0 a n t ig e n s  
which w il l  agglutinate  a boiled or autoclaved preparation of the same cu ltu re  
i s  the accepted c r i te r io n  for the presence of a capsule on j k  c o l i  (Orskov e t  
a l .  1977). The common a n tig e n  of c a l f  e n te ro to x ig e n ic  j k  c o l i  has t h i s  
property and i t  was assumed to  be a capsule. Since 1975 i t  has become c le a r  
th a t  K99 and K88 are chemically, s t ru c tu ra lly  and functionally  d i s t in c t  from 
the true capsular antigens and i t  has been proposed th a t  the f im b r ia l  an tigens 
should be given a prefix  F and a number th a t  approximates with t h e i r  order of
discovery (Drs. F r i t z  and Ida Orskov; personal communication). K88 and K99 
would become F4 and F5. Although th is  system of nomenclature i s  l ik e ly  to be 
accepted a t  the time of w riting  K99 was the term of reference in general use 
and th is  was adhered to.
The strength  of agglu tination  of K99+ bacteria  in a n tise ra  to  otherwise 
d ifferen t K99+ s t r a in s  seemed to  depend on the amount of capsule produced by 
the bacteria  used fo r  the agg lu tina tion  te s t .  Escherichia c o li  B41 which does 
not produce a capsu le  gave c o n s i s t e n t  r e s u l t s  and was d e s ig n a te d •as the  
re fe rence  s t r a i n  (Orskov e t  a l . ,1 975).
The presence of K99 a n t ig e n  could be de tec ted  by s l i d e  a g g lu t in a t io n  
te s ts  and in irnmunoelectrophoresis by a cationic  l in e  using an tise ra  produced 
in  r a b b i t s  to  b a c t e r i a  gown a t  37°C and absorbed w ith  b a c t e r i a  grown a t  
l8°C.Specific K99 a n ti  sera was also produced by inoculation of rab b its  with 
the cationic l ine . The K99 antigen was not produced on n u tr ie n t  agar but was 
produced on a semi s y n th e t ic  medium (Minca) low in g lucose  and amino a c id s  
(high c o n c e n tra t io n s  of g lucose  and amino acids enhanced capsule production 
thought to  mask K99). Heat s tab le  enterotoxin was associated w ith 95% of K99+ 
E. c o l i  and w ith  non of the  K99” s t r a i n s  t e s te d  (Guinee e t  a l . ,  1976). Since 
K99 was closely associated with production of heat s tab le  entero toxin  i t  was 
concluded th a t  i t s  detection, simpler than t e s t s  for enterotoxin, would be a 
useful tool for the id e n t i f ic a t io n  of Jk co li enterotoxic for the ca lf .
(d) The r e l a t i o n s h ip  of th e  in  v i t r o  p ro p e r t i e s  o f K99 to  i t s  in  v ivo  
function.
Burrows e t  a l. (1976) demonstrated an association  between K99 production 
by bacteria and th e ir  a b i l i ty  to  agglutinate  sheep erythrocytes a t  4°C in  the 
presence of 0.5% D-Mannose. A gglu tina ted  erythrocytes e luted on warming to  
37°C. A g g lu t in a t io n  of e ry th ro c y te s  from o th e r  sp e c ie s  was i n c o n s i s t e n t .  
Production of K99 was a lso  associated with the a b i l i ty  of b ac te r ia  to  adhere 
to brush borders iso la ted  from the i le a l  enterocytes of 1 to  2 day old calves. 
A c e l l- f re e  preparation of K99, concentrated by iso e le c tr ic  p re c ip i ta t io n  a t  
pH 4.0, also caused haernagglutination and inh ib ited  adhesion of K99+ Jk  c o li  
to  brush borders. An jk  c o l i  K12 transconjugate of jk  c o li  B41 which aquired 
the a b il i ty  to produce K99 slso  c. used haernagglutination and adhered to  brush 
borders w h ils t  the parent s t r a in  • Ld not. Electron micrographs of the KQQ+ E. 
coli K12 and E. c o li  B41 revealed ‘he presence of fimbriae which were not seen
on the K12 parent s tra in .
D ifficu lty  in preparation, preservation and use of brush borders has led 
to  the use of iso la ted  v i l l i  to  which K99+ bacteria  w il l  adhere and which may 
resemble the in vivo s i t e  of attachment more closely (Girardeau, 1980). The 
receptor fo r K99 on erythrocytes resembled the GM-2 ganglioside (Faris  e t  a l., 
1980) but i t s  r e l a t i o n s h i p  to  th e  in. vivo re c e p to r  i s  n o t  l i k e l y  to  be 
id e n t ic a l  s in ce  a g g lu t in a te d  e ry th ro c y te s  w i l l  e lu a te  a t  37°C bu t b a c te r i a  
adherent to  brush b o rd e rs  w i l l  no t (Burrows e t  a l . ,  1976). Most of th e  K99+ 
E. c o l i  used in  t h i s  study had som atic  an tig en  0101, a se ro ty p e  now7 known to  
produce two adhesins (Isaacson, 1978; Morris e t  a l.,  1980a)and no account was 
made of th is .
The adhesive  p r o p e r t i e s  of K99+ Jk  c o l i  were analagous t o  th o se  of 
p ig le t  e n te ro to x ig e n ic  E. c o l i . L ike K99 they possessed  a common a n t ig e n  
designated  K88 (Orskov e t  a l . ,  1961) which was a p ro te in  (Stirrn e t  a l . ,
1967).E sch e r ich ia  c o l i  w ith  K88 were not only shown to  be a d h e s iv e  in  v i t r o  
(Jones and R u t te r ,  1972; W ilson and Hohmann, 1974; Sellwood e t  al.,1 975) bu t 
a lso  in v ivo (Jones and R u t te r ,  1972). The rap id  p r o l i f e r a t i o n  of K88+ 
b a c te r ia  in  th e  sm all  i n t e s t i n e  seemed to  be a t t r i b u t a b l e  to  th e  a b i l i t y  of 
these organisms to  a ttach  to  in te s t in a l  epithelium (Arbuckle, 1970; Drees and 
Waxier, 1970; Bertschinger e t  a l . ,1 972).
Smith and Huggins (1978) se lec tive ly  transferred  K88, K99 and enterotoxin  
coding p lasm ids i n to  a n t i b i o t i c  r e s i s t a n t  nonpathogenic w ild  type  E. c o l i . 
Bacteria were inoculated in to  calves and a t  slaughter mucosal scrapings of the 
i n te s t i n e  were enum erated fo r  a n t i b i o t i c  r e s i s t a n t  E. c o l i . B a c te r ia  t h a t  
received K99 and enterotoxin coding plasmids became pathogenic w h i ls t  those 
receiving K99 alone were not pathogenic but did colonise the small in te s t in a l  
mucosa w ith  10 to  100,000 t im e s  h ig h er  numbers than th e  w ild  type  p a re n t .  
Production of K99 by c a l f  enterotoxigenic jk  co li has also been demonstrated 
in the p ig le t  ileum and was consis ten t with adherence and co lon isa tio n  of the 
ileum and production of diarrhoea (Moon e t  a l. ,1977).
(e) The p u r if ic a t io n  and ch arac te r isa tion  of K99.
Unless o th e rw ise  s t a t e d ,  a l l  workers used an tise rum  t o  K99+ i k  c o l i  
(usually jk  co li  B41) grown a t  37°C and absorbed with b ac te r ia  grown a t  18°C 
for detection of K99 in double immunodiffusion and immunoelectrophoresis t e s t s  
carried out during p u r i f ic a t io n  s tud ies  and were based on the  observations of
Orskov e t  a l .  (1975), Guinee e t  a l .  (1976) and Burrows e t  a l .  (1976).
In the f i r s t  attem pt to  purify K99 Isaacson (1977) used shear forces, in 
the form of high speed homogenisation, to separate from KQQ* E. c o li  K12 c e l l s  
what was suspected to  be a f im bria l s truc tu re  th a t  previously corre la ted  with 
K99 (Burrows e t  a l. ,  1976). Supernatant buffer of these preparations contained 
K99 ac t iv i ty  which was increased two to three fold by the incorporation of 1M 
NaCl in to  th e  hom ogenisa tion  m ixture . This suggested  t h a t  the  io n ic  and 
chao trop ic  e f f e c t s  o f NaCl prevented K99, which had been se p a ra te d  from 
bacteria, from re-adhering. K99 was then concentrated by p re c ip i ta t io n  in 35% 
saturated ammonium sulphate and placed on a DEAE-Sephadex column eluted with 
50mM phosphate buffer before fu rther  e lu tion with a 0-1M NaCl gradient. All 
K99 ac tiv ity  eluted with the void volume and consisted, according to  sodium 
dodecyl su lp h a te  p o ly -ac ry lam iae  gel e le c t r o p h o re s is  (SDS-PAGE), of two 
p o lypep tides  o f 22,500 and 29,500 MW both of which e lu te d  in  g e l  f i l t r a t i o n  
studies in a way to ind ica te  th a t  the overall s t ruc tu re  consisted  of subunits 
assembled to  g ive  a MW of 1 5 x 10^ or g re a te r .  E lec tro n  microscopy of t h i s  
preparation revealed fim briae of 8.4nm in diameter and 130nm long. I so e le c tr ic  
focusing in d ic a te d  th a t  both p o ly p e t ia e s  were lo c a te d  in  th e  same band of 
protein which had a pi of 10 or greater. This r e s u l t  was con sis ten t with the 
c a t i o n i c  b e h a v io r  o f  K99 as  d e te c t e d  by G uinee e t  a l .  (1976) in  
immunoelectrophoresis. Haemagglutination a c t iv i ty  for guinea pig ery throcytes 
was not de tectab le  in th is  preparation but was in  a f ra c t io n  eluted from the 
DEAE-Sephadex column by b u f fe r  t h a t  con ta ined  NaCl. The haernagg lu tin in  ■ 
p ro p e r t ie s  of K99 d escr ibed  by Isaacson  did no t appear c o n s i s t e n t  w i th  K99 
production described by Orskov e t  a l. (1975) and Burrows e t  al.- (1976).
Morris e t  a l .  (1977) in  a s l i g h t ly  l a t e r  a t te m p t  to  p u r i fy  K99, 
encouraged by th e  r e s u l t  of-Burrows e t  a l .  (1975), fo llow ed  th e  a t te m p ts  o f 
Stirm e t  a l .  (1967) to  p u r i fy  K88. This c o n s is te d  of h e a t in g  E. c o l i  B41 in  
s a l in e  a t  60°C fo r  30 m inutes and was fo llow ed by s e r i a l  i s o e l e c t r i c  
p rec ip ita tion  of proteins from the supernatant buffer a t  pH4 and, therefore , 
favoured the p u r if ic a t io n  of anionic proteins. K99 a c t iv i ty  eluted from the 
Sepharose 4B column in  the  void  volume which was c o n s i s t e n t  w ith  th e  s iz e  
e s t im a t io n  of th e  assem bled s t r u c tu r e  of K99 d e sc r ib ed  by Isa ac so n  (1977). 
This ex trac t,  l ik e  Isaacsons, was largely protein but i t  caused agg lu tination  
of sheep and human 0 erythrocytes which was mannose r e s i s ta n t  and e lu ted  when 
warmed to  37°C. I t s  a c t i v i t y  was r e s i s t a n t  to  mammalian p r o te a s e s  but 
susceptible to b a c te r ia l  proteases, formaldehyde and periodate. Tnis would be
expected of pro teins involved in pathogenicity in the in te s t in e  which would 
have to  r e s i s t  d igestive  enzymes. Suscep tib il ity  to  periodate treatm ent was 
i n te r p r e te d  w i th  cau t io n  because i t s  a c t io n  on c a rb o h y d ra te s  could be 
mistaken fo r oxidation of hydroxy amino acids.
In respo nse  to  Isaacso n s  work M orris e t  a l .  (1978, a) e s t a b l i s h e d  th e  
iso e le c tr ic  poin t of th e i r  K99 preparation as pH 4.2 and showed th a t  i t  could 
cause agg lu tination  of guinea pig erythrocytes and re-a ff irm ed  the  production 
of a single p re c ip i t in  l in e  in  immunodiffusion te s ts .  This work a lso  included 
the observation th a t  a sample of K99 purified  by Isaacson did not agglutinate  
sheep erythrocytes. The work of Burrows e t  a l. (1976), however, showed th a t  
K99 p ro d u c tio n , haem ag g lu tin a tio n  and f im b r ia t io n  were a l l  p roperties  th a t  
were co-transm issib le  and inseperable by iso e le c t r ic  p rec ip ita t io n .
M orris e t  a l .  (1978, b) in  a f u r th e r  a t tem p t t o  c l a r i f y  th e  anom alies 
between th e i r  work and Isaacsons, compared K99 prepared by d i f f e r e n t  methods 
and found th a t  iso e le c t r ic  point determinations and immunoelectrophoresis of 
ammonium sulphate p rec ip ita ted  sam ples from E. c o l i  B41 were in c o n s i s te n t .  
The p i  r e s o l v e d  a t  pH 4 .5  b u t  t h e  sam e m a t e r i a l  a p p e a r e d  
immunoelectrophoretieally cation ic  with a sm all a n io n ic  a rc .  DEAE-Sephadex 
and CM-Sephadex column e lu a te s  o f th e  same p re p a ra t io n  r e s u l t e d  in  one 
cationic component and one an ion ic  component r e s p e c t iv e ly  as  determ ined by 
im m unoelectrophores is . Both caused agglu tination  of sheep ery throcytes but 
th ree  weeks s to ra g e  a t  4°C le d  to  a l o s s  of haem ag g lu tin in  a c t i v i t y  of the  
cationic component but th a t  of the anionic component was s ta b le  fo r a t  l e a s t  
s ix  weeks. In double im m unodiffusion t e s t s  th e  two components were 
a n t ig e n ic a l ly  d i s t i n c t .  These f in d in g s  in d ic a te d  th e  source  of anom alies 
which was the existence of two an tigen ically  d i s t in c t  haemagglutinins detected 
by an tise rum  to  K99. The la c k  o f  haem agglu tin in  a c t i v i t y  of I saacso n s  
p rep a ra t io n  o f  K99 used by M orris was exp la ined  in  te rm s  of tim e spen t 
crossing the  A tlantic. The haemagglutinin a c t iv i ty  l e f t  on the  DEAE-Sephadex 
column a f t e r  the  c a t io n ic  component had e lu te d  was probably  th e  K99 f i r s t  
described by Morris and the  ca tion ic  component during the  i s o e le c t r i c  focusing 
studies of Morris probably ran off the cation ic  end of the gel.
In 1978 Isaacson wrote almost a t  the same time as Morris e t  a l .  (1978, b) 
w ith  the  same o b je c t iv e .  K99 prepared by ac id  p r e c i p i t a t i o n  caused 
agglutination of guinea pig and horse erythrocytes but K99 prepared by DEAE- 
Sephadex chromatography agglutinated horse but not guinea pig erythrocytes.
The two antigens were antigen ically  d is t in c t  by double immunodiffusion. Since 
the  a n io n ic  h aem agg lu tin in  could hot be d e te c te d  by a n t i s e r a  to  a l l  K99+ E. 
c o l i  i t  was concluded t h a t  the  c a t io n ic  h aem agg lu tin in  was K99 which was 
consisten t w ith the o rig inal observations of Guinee e t  a l.  (1976).
The e a r ly  d iscrepency  in  th e  r e s u l t s  o f  Isaacson  and M orris were 
dependent on d i f fe re n t  methods used on b a c t e r i a  w ith  two b iochem ica lly  and 
an tigen ically  d i s t in c t  haemagglutinins produced a t  3 7°C but not a t  18°C and so 
were recogn ised  by K99 a n t i s e r a .  The d e s ig n a t io n  of e i t h e r  as K99 was 
f o r t u i t o u s l y  d e p e n d e n t  on th e  d i s t r i b u t i o n  o f  t h e  a n io n i c  a n t i g e n .  
Consequently i t  was considered  t h a t  the  fu n c t io n  of the  c a t io n ic  or K99 
an tig en  was i n d i r e c t l y  shown to  be th e  adhesin  t h a t  a s s i s t e d  in  i n  v ivo  
c o lo n is a t io n .  The d i f f e r e n c e  in  d i s t r i b u t i o n  of the  c a t io n ic  and a n io n ic  
haemagglutinins amoungst KQQ+ E. c o li  was confirmed by Morris e t  a l. (1980,a). 
P roduction of the  a n io n ic  a n t ig e n  was confined  to  E. c o l i  w ith  0 a n t ig e n s  9 
and 101 whereas the ca tion ic  antigen was produced by 08, 09, 020, and 0101 E. 
c o l i . P re p a ra t io n s  of the  a n io n ic  a n t ig e n  a g g lu t in a te d  ho rse , sheep and 
g u in ea  p ig  e r y t h r o c y t e s  b u t  p r e p a r a t i o n s  o f  th e  c a t io n ic  component 
agglutinated horse erythrocytes only. The haemagglutination reactions of the 
cationic  component were in co n fl ic t  with those previously described (Morris e t  
a l .  1 9 7 8 , b) b u t  were rec o n c i led  by the  l a b i l i t y  of sheep haem agg lu tin in  
a c t iv i t y  on e x t r a c t io n .  Adhesion of E. c o l i  B41 to  i s o l a t e d  brush bo rders  
from the i l e a l  enterocytes of calves was consisten tly  inh ib ited  by 50% i f  the 
anionic antigen was added w h ils t  the catonic antigen caused in h ib i t io n  by 35 
and 50% in two cases but not a t  a l l  by another six  preparations. The r e la t iv e  
r e a c t i v i ty  o f the  two a n tig e n s  w ith  brush b o rd e rs  was confirm ed by 
immunofluofcscence when the anionic antigen adhered strongly and the ca tion ic  
an tigen  not a t  a l l .  Since a K99* E. c o l i  K12, on which th e  a n io n ic  a n t ig e n  
could not be detected, attached to brush borders i t  was concluded th a t  K99 was 
a l t e r e d  by i s o l a t i o n .  This was supported  by the  o b se rv a t io n  t h a t  th e  
preparation of ca tion ic  antigen was unable to  in h ib i t  adhesion of the K99+ E. 
co li  K12.
A ttem pts were no t made to  a sse ss  the  p u r i ty  of p re p a ra t io n s  and th e  
quality  and s e n s i t iv i ty  of an tise ra  were unknown making i t  q u i te  possible  th a t  
substances not detected by an tise ra  were responsible  fo r  haemagglutination and 
brush border adhesion . Also th e  c o r r e l a t i o n  o f  the  r e a c t i o n  o f  d i f f e r e n t
a n t ib o d ie s  w ith  the  same a n t ig e n  d e te c ted  by d i f fe re n t  immunoassays i s  not 
n e c e s sa r i ly  good (Minden and F a r r ,  1978). A consequence of t h i s  i s  t h a t  a 
r e a c t io n  of one an tiserum  d e te c te d  by im m u no prec ip ita tion  may be d i r e c te d  
towards a d if fe re n t  antigen to  th a t  detected by immunofluorescence. Evidence 
a t  th is  stage was in favour of the existence of two haemagglutinin/adhesins 
produced by some but not a l l  K99+ El c o l i . The precise  molecular s truc tu re  of 
the  K99 and anionic antigens was unknown and, therefore , could not be d irec tly  
observed in  t e s t s  of adhesion. Consequently th e r e  was a need f o r  more 
rigorous p u rif ica tio n  before r e l ia b le  charac ter isa tion  could take place.
Objectives
Studies of K99 and the anionic antigen of Escherichia co li  B41 have not 
re la ted  a defined molecular s tru c tu re  of p a r t icu la r  antigens with the a b i l i ty  
to  adhere to  mammalian t i s s u e s .  E f f o r t s  were, th e r e f o re  d i r e c te d  tow ards  
p u r i f i c a t i o n  o f  th ese  a n tig en s  as  th e  f i r s t  requ irem en t fo r  subsequent 
re l ia b le  charac ter isa tion  of the adhesive mechanisms of K99+ E*. co li .  These 
aspects are  the subject of Sections 1 and 2 of th is  thes is .
Methods fo r  the d e te c t io n  of K99+ E. c o l i  a re  l im i te d  to  c u l t u r e  and 
s lide  agglu tination  t e s t s  which are inherently  insensitive . A more sp ec if ic  
and sensitive  assay would be useful for s tud ies  of natural outbreaks of c a l f  
diarrhoea. Purified  antigens could be used to  develop a spec if ic  se n s i t iv e ,  
assay for K99 and antibody to  K99. This aspect i s  the subject of Section 3 of 
t h i s  thes is .
Information published on experimental in fec tions  of calves indicated  th a t  
colostrum from unvaccinated dams conferred res is tance  to  in fec tion  by K99+ E. 
c o l i . This o b se rv a t io n  may be im p o r ta n t  to  an unders tan d ing  o f  th e  
epidemiology of d ia rrh o ea  caused by K99+ E. c o l i ; husbandry and hygiene may 
obviously in f lu e n ce  the  s iz e  of inoculum and volume of co lostrum  and th e  
requirement fo r  vaccination. Thus an inves tiga tion  of the p ro tec tive  e f fe c t  
of 'non-immune1 co lostrum  from unvacc ina ted  cows was undertaken  and i s  th e  
subject of Section 4 of th is  thes is .
Surveys of the  frequency of a s s o c ia t io n  o f  K99* E. c o l i  w ith  d ia r rh o e a  
indicated v a r ia tio n  with location, season and year. Up to  1981 a survey in  the 
United Kingdom had no t p rev io us ly  been r e p o r te d .  This was co n s id e red  to  be 
necessary  s in c e  E. c o l i  d ia r rh o e a  i s  o f te n  in c o r r e c t ly  diagnosed because of 
fa i lu re  to  d i f fe re n t ia te  pathogenic and commensal s t ra in s .  Furthermore, there  
a re  an in c re a s in g  number o f v acc in es  being developed a g a in s t  K99+ E. c o l i . 
Hence a survey of K99+ E. c o l i  in  th e  f a e c e s  o f  c a lv e s  w ith  d ia r rh o e a  in  
Southern England i s  the subject of Section 5 of th i s  thes is .
This survey was a lso  an o p p o r tu n ity  to  i s o l a t e  and c h a r a c t e r i s e  o th e r  
bacteria , but pa rticu la rly  K99" Ik  c o l i . as po ten tia l  and novel causes of c a l f  
diarrhoea. The f i r s t  of these in ves tiga tions  i s  the subject of Section 6 of 
th is  th e s is .
Section 1_. Purifica tion  and Characterisation of KQQ and the Anionic Antigen of 
Escherichia co li  B41.
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Methods.
B a c te r ia . E sch er ich ia  c o l i  s t r a i n s  B41 (0101:K99), B42 (09:K35,K99), B79 
( 0 1 0 1 : K32, K99), B85 (09 :K 99), B111(0101:K99), B44 (09:K30-,K99), 
B117(08:K85,K99), S13 (08:K85,K99) a K12 and a K12K99+ t r a n s c o n ju g a te  o f  E*. 
c o l i  B41 were k ind ly  su p p lied  by Mr. M.R. Burrows. S t r a in s  W1 (0149:K91, 
K8 8 ac), M2225 (09: K103, 987p) and K12 s t r a i n s  C600 and F7 11 were k in d ly  
supplied by Dr. R. Sell wood.
C u ltu res  of C lo s tr id iu m  d i f f i c i l e .  S e r r a t i a  m arcescens. P a s te u r e l l a  
multocida. Streptococcus v iridans. Staphylococcus aureus (Cowen 1), Salmonella 
dublin 3246, Salmonella derbv. Proteus m irab ilis .  Pseudomonas aurueinosa. E. 
c o l i  G205 and Abbotstown and B a c i l lu s  s u b t i l i s  were k ind ly  su p p lied  by Mr. 
P.W. Jones and c u l tu r e s  o f  K le b s ie l l a  pneumoniae. K le b s ie l la  aeroeenes . 
Enterobacter cloacaT Aeromonas h v d ro p h ila .  C lo s tr id ium  p e r f r in g e n s  type C, 
Yersinia en te roco li t ica  03 and Yersinia en te ro co li tica  09 were kindly supplied 
by Dr. B.J. Lloyd. j k  c o l i  HM1676 (0101:K30) and HM1751 (0101:K27) (3P" 
s t r a i n s  o r i g in a l l y  i s o l a t e d  by Dr. H. Moon) and S218 and S210 ( o r i g in a l l y  
i s o la te d  by Dr. S. Acres) were k ind ly  sup p lied  by Dr. J. A. M orris . E. c o l i  
B41 M, a K99~ mutant of E. c o l i  B41 was a ls o  supp lied  by Dr. J.A. M orris. A 
sim ilar s t r a in  was produced in  th i s  laboratory some months p rio r  to  th is  g i f t .  
Unless o th e rw ise  s t a te d ,  f a c u l t a t i v e l y  anaerobic  or a e ro b ic  b a c t e r i a  were 
grown a t  37°C fo r  18 h on m odif ied  TGX agar (Burrows e t  a l . ,  1976) which 
contained  1g Lablemco, 10g b a c to t ry p to s e  (Dif'co), 3g NaCl, 2g Na2 HPC>3 l 2 H2 0 , 
0.5g glucose, 5g yeast e x tra c t  (Difco) 5 ml trace  element -so lu tion  (FeSOi^^O 
0.5g, ZnS0 j^ 7 H20  0.5g, Na2 SC>2| 3 H2 0  0.5g, ' 1N H2 SO4 Tml made up to  10G0ml in  
d i s t i l l e d  water), 25g bacto agar (Difco) in  1000ml made up in  d i s t i l l e d  water 
w ith  the  pH a d ju s te d  to  7*3 and au to c lav ed  a t  121°C 15lbs p s i  fo r  15mins. 
C lostridia  and other bacteria  (when referred  to) were grown on ox blood agar 
which con ta ined  12g blood agar base No 2 (Oxoid) in 12 L of d i s t i l l e d  w a te r ,  
autoclaved a t  121°C, 151b psi fo r  15min to  which 600ml of fresh  c i t ra te d  blood 
was added ju s t  before agar was poured in to  Pe tr i  dishes.
A n tise ra . A n tise ra  to  E. c o l i  were prepared by in o c u la t io n  o f  0.2 ml o f a 
suspension containing a 109 l iv e  bacteria/m l ca lib ra ted  to  be equivalent to  
Browns tube  No. 4, i n to  the  l a t e r a l  e a r  ve in  of r a b b i t s .  This was re p e a te d  
w ith  doubling doses up to  1.6ml every 3 to  4 days and blood was taken  7-10 
days a fte r  the l a s t  inoculation (Sojka, 1965). Antisera were absorbed, where
necessary, with E. co li  grown a t  18°C, a temperature a t  which ne ither K99 or
the anionic antigen described by Morris e t  a l. (1980) are produced. Unless 
o therw ise  s t a te d ,  an tise ru m  to  K99 was prepared a g a in s t  Ek c o l i  B41 and 
absorbed w ith  b a c t e r i a  grown a t  18°C. A n tise ra  to  p a r t i a l l y  p u r i f i e d  
f r a c t io n s  o f Jk  c o l i  were prepared  in  r a b b i t s  using  two subcutaneous 
in o c u la t io n s  se p a ra ted  by 4 weeks, of 2mg m a te r ia l  in  2ml of Freunds 
incom plete  ad ju v an t (D ifco). A n t ise ra  were c o l le c te d  fo u r  weeks a f t e r  the  
l a s t  inoculation.
I s o la t io n  o f  immunoglobulin G from serum. The method of Heide and Schwick 
(1978) was used. Serum was d ia ly se d  a g a in s t  PBS fo r  24h a t  4°C. E igh teen  g 
of sodium sulphate was then added per 100ml of serum a t  20°C. The re su l t in g  
p r e c ip i t a t e  was then p e l l e t e d  by l i g h t  c e n t r i f u g a t io n  (2 0 0 g 10 min) and 
d isso lved  in  h a l f  th e  volume of PBS. Twelve g o f  sodium su lp h a te  was th en  
added/ 100ml of immunoglobulin so lu tion  and the p e l le t  removed, redisso lved  
and reprecip ita ted  with 12 g sodium su lpha te /100 ml of solution. The f in a l  
p rec ip ita te  was redissolved in  and dialysed against PBS.
E x tra c ts  o f  E sc h e r ich ia  c o l i . M a te r ia l  was removed from th e  s u r f a c e  of 
b a c te r ia  by hom ogenization o f  1 0 - 2 0  g wet weight of b a c t e r i a  in  a b le n d e r  
(MSE, Atomix) a t  h a l f  speed fo r  5 min in  100ml volumes of 0.05M phosphate  
buffer, pH 7.2, contaning 1M-NaCl (Isaacson, 1977), followed by cen tr ifu g a tio n  
a t  20,000g a t  4°C for 60 min . Proteins were d i f fe re n t ia l ly  p rec ip ita ted  from 
th e  s u p e r n a t a n t  b u f f e r  by s t e p w i s e  i n c r e a s e s  in  ammonium s u l p h a t e  
co n cen tra tio n . A fte r  each s te p w ise  in c re a s e ,  p r e c i p i t a t e  was removed by 
centrifugation (20,OOOg a t  4°C fo r  10 min ). P rec ip ita tes  were then dialysed 
in 0.05M -phosphate buffered iso ton ic  sa l ine  (PBS), pH 7.0.
Preparation of c e l l - f r e e  KQQ. In immunoelectrophoresis, erythrocyte adherence 
and pu rif ica tion  experiments c e l l - f r e e  K99 was prepared by p re c ip i ta t io n  of an 
ex tract of E. c o l i  B41 or E. co li  K12 K99 with 36% saturated ammonium sulphate  
a t  4°C fo r  18 h. The p re p a ra t io n  was f u r th e r  p r e c ip i t a t e d  t h r e e  t im e s  by 
reducing the pH to  4.2 with 0.2 M-acetic acid a t  4°C (Stirm e t  a l . ,  1967).
In s tu d ie s  o f  th e  e f f e c t  of p h y s ica l  and chem ical t r e a tm e n t  on 
h aem agg lu tina tion  and a t tac h m en t  to  c a l f  brush borders  K99 a n t ig e n  was 
prepared from E. c o l i  K12K99 by p rec ip ita t io n  of an ex trac t  w ith 30% sa tu ra ted  
ammonium s u lp h a te  and recovery  of the  p r e c i p i t a t e  by c e n t r i f u g a t i o n  and 
d ia ly s is  against PBS as descried above. This preparation was known to  contain 
K99 as the only haemagglutinin.
Column chromatography. I n i t i a l l y  the method for the p u r if ic a t io n  of K99 of 
Isaacson (1977) was used. C e ll- f ree  K99 was placed onto a DEAE Sephadex A50  
(Pharmacia) column (2.5cm by 40cm) and was e q u i l i b r a t e d  and ran  in  50mM 
phosphate buffer pH 7.2 a t  4°C. After three void volumes had passed through
th e  column i t  was e lu te d  w ith  s tepw ise  in c re a s e s  o f  sodium c h lo r id e  
concentration from 0.1 to  1M in  50mM phosphate buffer pH 7.2. M odifications 
of th is  method included incorporation of various concentrations of non-ionic 
surfactants such as Tween 20, Tween 80, Non id e t  P40 and Lubrol e i th e r  alone 
or in v a rio u s  com binations and e th y len e  diamine t e t r a a c e t i c  a c id  (EDTA) in  
elution buffers. The pH was a lso  adjusted and the column was eventually used 
a t  20°C.
Column chromatography of c e l l - f r e e  K99 on Sephadex G50 and G200 
(Pharmacia) and Sepharose 4B CL (Pharmacia) was also  attempted and elu ted  in a 
variety of buffers  incorporating e i th e r  8 M urea or 1% sodium dodecyl sulphate. 
Columns were e lu te d  a t  a flow r a t e  o f  4-10ml per h and f r a c t i o n s  were 
collected every 60 min.
Immunosorbent column chromatographic p u r if ica tio n  of K99 was attempted. 
A c a l f  was in o c u la te d  in tra v e n o u s ly  every th re e  to  fo u r  days w ith  doubling  
amounts of 10^ l i v e  E. c o l i  K12 from 0.2 to  1.6ml. One week a f t e r  th e  l a s t  
inoculation when a serum sample gave a tube agglutin in  t i t r e  of 1024 the c a l f  
was slaughtered and serum co llected .
Immunoglobulin G was concentrated and extracted from the serum with 18% 
(w/v) sodium sulphate and exhaustively dialysed against PBS. Sepharose 4BCL 
was then con jugated  to  IgG to  E. c o l i  K12 by the  method o f  Fuchs and Se la  
(1978). Two g of CNBr was added per 20g wet wt of Sepharose 4BCL. The pH was 
co n s tan t ly  a d ju s te d  to  11.0 u n t i l  no f u r th e r  drop in  pH occu rred . The 
Sepharose 4BCL was cop ious ly  washed w ith  0.2M sodium c i t r a t e  pH 6.5. The 
CNBr/Sepharose conjugation was done in a fume cupboard. IgG was added to  CNBr 
activated Sepharose 4BCL a t  a ra te  of 20mg/g wet weight respec tive ly  and mixed 
overn igh t a t  4°C. The complex was allowed to  s e t t l e  and th e  s u p e rn a ta n t  
b u ffe r  assayed fo r  p ro te in .  More than 90% of the  IgG a t ta c h e d  to  the  
Sepharose 4BCL and enough was prepared to  pack a 40cm x 2.5cm column. A c e l l -  
free  K99 prepared from E. c o li  K12 K99 was placed on the column incubated a t  4 
°C fo r  2 h and ran  and e lu te d  in  PBS. The void volume m a te r i a l  was assayed  
for K99 and i t s  purity .
In order to  es tim ate  the molecular weight of antigens b a c te r ia l  f rac t io n s  
(500-700  ug protein/m l) were applied in a sample volume of 1ml to  a Sepharose 
4BCL column (15 x 1cm), e q u i l ib r a te d  in  PBS and e lu te d  a t  a flow  r a t e  of 
2.0ml/h a t  4°C. Fractions were co llected  every 20 mins.
Preparative e lec trophores is . P i lo t  experiments using e lec trophores is  of c e l l -  
f r e e  K99 in  tu b e s  o f  3% agarose  ( 8  x 0 .5 cm) under v a r io u s  c o n d i t io n s  which 
were layered in  a slab  of agarose containing unabsorbed antiserum to  Ik  c o l i  
B41 in d ic a te d  t h a t  K99 may be sep a ra ted  from o th e r  a n t ig e n s  in  th e  
preparation. A bed of Sephadex G50 equivalent to  6.5g wet weight was made up 
in  8 M urea in  50mM Tris/H Cl pH 9.5. C e l l - f r e e  K99 (23mg) was made up to  2 ml 
in  8 M urea , 1% n o n id e t  P40 and 1% 2 mercapto e thano l and p laced  in  a w e l l  in  
the Sephadex bed next to  the anode. The bed was electrophoresed w ith  30W in  a 
Pharmacia p r e p a ra t iv e  e le c t r o p h o r e s is  apparatus. Migration of pro tein  in to  
the gel was monitored with f i l t e r  paper b lo ts  stained in  0.1% (w/v) Coomasie 
b r i l la n t  blue in 15% tr ic h lo ra c e t ic  acid and destained in t r ic h lo r a c e t ic  acid. 
After 3h the e lectrophoresis  was stopped and the gel frac tiona ted . Prote in  
was eluted in the  supernatant buffer of gel resuspended in  PBS and allowed to  
se t t le  on the bench.
R ad io iod ination  o f  P r o te in s . Unless o th e rw ise  s t a te d ,  p a r t i a l l y  p u r i f i e d  
p ro te in s ,  e x t r a c t s  of p r e c i p i t a t i o n  l i n e s  in  im m unodiffusion  g e l s  and 
an tib o d ie s  to  K99 and th e  a n io n ic  a n t ig e n s  were l a b e l l e d  with by th e
chloramine T method (Hunter, 1978). Five to  10ul o f  e q u iv a le n t  t o
0.5mCi, were added to  10ul of 0.5M sodium phosphate b u f fe r  pH 7.5. This was 
followed by addition  of 10ul to  0 .5 ml of PBS containing 50ug-5mg of protein . 
Ten ul of 5 mg/ml chloramine T was added and the reaction  mixture l e f t  fo r  30 
sec, in  the  case  of sm all  volumes w ith  high c o n c e n tra t io n s  of p r o t e in ,  and 
longer for la rg e r  volumes of low concentrations. The reac tion  was quenched 
w ith  10 0ul o f  2 .8 mg/ml of sodium m e tab isu lp h a te  and 1 0 0 u l  o f  1mg/ml of 
potassium iodide which acted as a c a r r ie r  for unreacted ^ 5 j # Free 125j yjas 
separated from protein  by chromatography on Sephadex G50 (15 x 1cm column) in 
the case of homogenous preparations such as IgG and p u rif ied  antigens and by 
repeated d ia ly s is  a g a is t  PBS a t  4°C in  the case of heterogeneous prepara tions 
such as e x t r a c t s  o f  Ek c o l i . To check t h a t  th e  ch lo ram ine  T method of 
radioiodination did not reduce the haemagglutination a c t iv i ty  of preparation , 
d i f f e r e n t  com bina tions  of sodium m e tab isu lp h a te ,  po tassium  io d id e  and 
chloramine T were incubated for d i f fe re n t  periods with c e l l - f r e e  e x t r a c ts  of 
E. co li B117 and S13 p r io r  to  haemagglutination te s ts .
Some e x tra c ts  of E. c o li  B117 were radioiodinated using the  Bolton Hunter 
r e a g e n t  (H u n te r ,  1978). Ten u l  o f  40ug/m l N - s u c c in im id y 1 3 - ( 4 -  
hydroxyphenyl)propionate (NSHPP) in toluene:ethyl ace ta te  (1:1, v/v) was added 
to  20 u l o f  100m Ci/m l Na1 25 l ,  10u1 of 5mg/ml ch lo ram ine  T in  0.25M sodium 
phosphate b u f f e r ,  pH 7.5, 10ul of 12 mg/ml sodium m e ta b isu lp h a te  in  0.05M 
sodium phosphate b u f fe r ,  pH 7.5, 1 0ul o f 2 0 0 mg/ml po tassium  io d id e  in  0.05M 
sodium phosphate buffer, pH 7.5, 2ul of dimethylformamide and 250ul of benzene 
in th is  order and in quick succession. The mixture was gently mixed and the 
benzene layer transfe rred  to  another tube. The aqueous layer  was extracted 
tw ice more w ith  a d d i t i o n a l  2 5 0 ul a l iq u o ts  of benzene and a l l  the  benzene 
e x t r a c t s  were bulked. The benzene was removed under vaccuum (w ith  a t r a p ) .  
Ten ul of 5ug of protein  solution was then added to  the residue and placed on 
ice  fo r  15 to  30 m inutes. A s o lu t io n  of g ly c in e  (0.5ml of 0.2M) was then  
added to  quench th e  r e a c t io n .  A fte r  a f u r t h e r  5 min 1 ml o f  0.05M phosphate 
b u ffe r ,  pH 7.5, c o n ta in in g  0.25% (w/v) g e l a t i n  was added. Low m olecu la r  
weight r a d io a c t iv e  p ro duc ts  were sep a ra ted  from p r o te in s  on a Sephadex G50 
column (15 x 1cm) and f rac t io n s  were reconstitu ted  to  5% foeta l  c a l f  serum.
Sodium dodecvl su lp h a te  po lyacry lam ide  g e l  e l e c t r o p h o r e s i s  (SDS-PAGE). 
Assessment of homogeneity and c h a r a c t e r i s a t i o n  of p ro te ins  in  preparations 
during e a r ly  a t te m p ts  to  p u r i fy  K99 were c a r r i e d  out by th e  method o f  Weber 
and Osborn (1969). This i s  a s in g le  b u ffe r  system run in  g l a s s  tu b e s  10cm x 
6 mm. 12 g e ls  could be run a t  one tim e fo r  which 1 5 ml of g e l  b u f f e r  (7 . 8g of 
NaH2 P02|.H20  38.6g of ^HPOq.T^O and 2g of SDS per l i t r e  of d i s t i l l e d  water) 
were de-aerated under vaccuum and mixed w ith  1 3 .5 ml of ac ry a lm id e  s o lu t io n  
(22 .2g of acrylamide and 0 .6g of methylenebisacrylamide dissolved in  d i s t i l l e d  
water to  give 100ml) and 1.5 ml of freshly made ammonium persulphate so lu tion  
(15mg/ml) and 0.045 ml of N^N^N^N^-tetramethylenediamine (TEMED). Each tube 
was sealed a t  the base with parafilm and f i t t e d  with 2 ml of the so lu tion  which 
was gently layered with d i s t i l l e d  water p rior to  se t t in g  in  order to  achieve a 
horizontal gel surface. After the gel had se t  the water was removed and ge ls  
placed in  a rod ge l  e le c t r o p h o r e s is  apperatus (Shandon Southern Instrum ents 
Ltd.). The two r e s e r v o i r s  of the  ap p ara tu s  were f i l l e d  w i th  g e l  b u f f e r  
d i lu te d  to  h a l f  s t r e n g th  in  d i s t i l l e d  w ater . Each ge l  was la y e re d  w ith  a 
mixture of tracking dye (0.05% Bromophenol blue in  water), 1 drop of g lycero l, 
5 ul of 2 m ercap toe thano l, 5 0 ul of d i a l y s i s  b u f fe r  ( 0 .0 1 M sodium phosphate 
bufer, pH 7.0, which con ta ined  0.1% SDS and 0.1% 2 -m e rc a p to e th a n o l) ,  and 10- 
50ul of protein so lu tion  (0 .2 - 0 .6 mg/ml) incubated a t  37°C fo r  2 hours in  0.01 M 
sodium phosphate b u f fe r ,  pH 7.0, 1% in  SDS and 1% in  2 -m e rc a p to e th a n o l  and
then d ia ly se d  fo r  se v e ra l  hours a t  room tem p era tu re  in  th e  d i a l y s i s  b u ffe r  
described above. Eight ma were applied through each gel w ith the cathode a t  
the  sample end o f  the  g e l.  Ju s t  b e fo re  t ra c k in g  dye reached th e  anode 
reservoir the power was switched off and ge ls  were removed by syringing water 
between the  gel and g lass  wall with a f ine  bore needle. Gels were stained in 
a mixture of 1.25g Coomasie b r i l l i a n t  blue in  454ml of 50% methanol and 46ml 
of g l a c ia l  a c e t i c  ac id  fo r  2 h and then d e s ta in ed  w ith  a m ix tu re  o f 7 5 ml of 
acetic  acid, 50ml of methanol and 875ml of d i s t i l l e d  water. The molecular 
weight of polypeptides were calculated by reference to  the  m obility  of bovine 
serum albumin and myoglobin re la t iv e  to  th a t  of bromophenol blue.
Most o f  t h e  SDS-PAGE, however w ere  run  a s  s l a b  g e l s  w i th  th e  
discontinuous buffer system of Laemmli (1970). This method had the advantages 
th a t  bands were more d iscre te , d if fe ren t  samples could be d ire c t ly  compared 
within the same gel and radiolabelled  polypeptides were more eas ily  located by 
autoradiography. The production of slab gels  160 x 140mm with twelve sample 
wells was bone in  an apparatus for SDS-PAGE constructed a t  the Animal Virus 
Research I n s t i tu t e  for Mr. D. Pocock and was s im ila r  in a l l  respec ts  to  th a t  
^  produced by many s c ie n t i f i c  companies. The bulk of gel was the separation gel 
which contained 10% w/v acrylamide (made up from a stock so lu tion  of 30% (w/v) 
of acrylamide and 0.8%(w/v) methylene bisacrylamide), 0.375M Tris-HCl (pH 8 .8 ) 
and 0.1% SDS. The gel was polym erised by the  a d d i t io n  o f  0.025% (v/v) TEMED 
and 0.5% (w/v) ammonium p e rsu lp h a te .  The s ta ck in g  g e l  was la y e re d  onto the  
separation gel to  a depth of 1cm, in addition to  the w ell depth, and contained 
3% (w/v) ac ry lam id e ,  0.125M Tris-HCl (pH 6 .8 ) and 0.1% SDS and were 
polymerised in  the  same way as the separation gel. The e lectrode  buffer (pH 
8.3) contained 0.025M Tris , 0.192M glycine and 0.1% SDS. Samples were made to  
con ta in  0.0625M Tris-HCl (pH 6 .8 ), 2% (w/v) SDS, 10% (v /v )  g l y c e r o l ,  5% (w/v) 
2 m ercap toethano l and 0 .0 0 1 % (w/v) bromothymol b lue a s  the  t r a c k in g  dye and 
boiled for 90sec before layering 25-50ul in to  a well. One hundred v o l ts  were 
applied with the cathode a t  the sample end of the gel u n t i l  the tracking dye 
migrated to  the  anode end of the gel. The gel was removed from the apparatus, 
was stained in  0.1% (w/v) Coomasie b r i l l i a n t  blue, 40% (v/v) methanol and 10% 
(v/v) a c e t i c  a c id  fo r  1 to  2 h and d e s ta in ed  in  2 0 % (v /v )  methanol and 10% 
(v/v) a c e t i c  a c id .  Gels were e i t h e r  photographed wet or d r ie d  onto  f i l t e r  
paper under vacuum a t  7 0 °C for 2-5 h. Dried gels  th a t  contained rad io labe lled  
samples were autoradiographed for a variab le  length of time which depended on 
th e  s p e c i f i c  a c t i v i t y  of the  sample by exposure of F u j i  Rx Xray f i lm . Film  
was developed in  10% (v /v) I l f o r d  PQ u n iv e r s a l  paper d e v e lo p e r  f o r  4 min,
washed fo r  15 sec in  ta p  w a te r ,  f ix ed  in  10% (v/v) I l f o r d  Hypam f i x e r  fo r  15 
min, washed in  tap  w a te r  f o r  15 min and d r ied  a t  37°C. M olecular w e ig h ts  
(corrected to  three  s ig n if ic an t  f igures) were calculated by reference to  the  
m o b il i ty  of bovine serum album in, ovalbumin, l a c t a t e  dehydrogenase and 
myoglobin, r e la t iv e  to  th a t  of bromothymol blue using a programme for l in e a r  
r e g re s s io n  on a Commodore CBM 3008 computer and were derived-from  th e  mean 
f i g u r e s  o f  f i v e  g e l s .  A ltho ugh  Coom asie b r i l l i a n t  blue w i l l  s t a i n  
l ip o p ro te in s ,  g ly c o p ro te in s  and p r o t e in s ^ l in e s  in  SDS-PAGE g e ls  w i l l  be 
referred to  as polypeptides fo r brevity .
Immunodiffusion t e s t s . The method of Ouchterlony & Nilsson (1978) was used. - 
Two or e ig h t  ml of a m olten  1% (w/v) agarose  s o lu t io n  which con ta ined  0.8% 
(w/v) sodium chloride was poured onto a flame polished microscope s l id e  or 8 x 
8 cm g la s s  p la te ,  r e s p e c t iv e ly ,  and allow ed to  s e t .  P re p a ra t io n s  of a n t ig e n  
and an tise ra  were placed in 3mm diameter equidistant wells 6mm apart. Gels 
were incubated  a t  4°C fo r  up to  2 weeks. Gels c o n ta in in g  r a d io l a b e l l e d  
antigen were washed in ten changes of PBS followed by one change of d i s t i l l e d  
water over 5d. Where applicable, p re c ip i t in  l in e s  were cut out and boiled  in 
an approximately equal volume of double strength  sample buffer before layering  
onto slab gels for analysis by SDS-PAGE.
Immunoelectrophoresis. The method of Morris & Husaini (1974) was used. Eight 
ml of molten 1% (w/v) Noble agar No. 3 which conta ined  3.28 g/L sodium 
ba rb ito ne  and 0.52g/L b a rb i to n e  was poured onto  an 8 x 8cm square  o f g l a s s .  
Where applicable agarose (Miles-Serovac) was used to  s u b s t i t u t e  Noble agar. 
A fter  th e  agar s e t  a n t ig e n  was p laced  i n to  3mm d iam ete r  w e l ls  and th e  g e l s  
electrophoresed a t  15mA fo r  100min. The electrode buffer contained 13.14 g of 
sodium b a rb i to n e  and 2.07g of b a rb i to n e  made up to  1L w ith  d i s t i l l e d  w a te r .  
A fter e le c t r o p h o r e s is  a trough  1mm x 60mm was c u t  2mm from the edge of th e  
w e ll ,  f i l l e d  w ith  an tiserum  and incub a ted  a t  4°C fo r  up t o  3 weeks. Gels 
were washed in ten changes of PBS followed by one change of d i s t i l l e d  water. 
Where a p p l ic a b le  p r e c i p i t i n  l i n e s  were rendered  in to  a suspens ion  o f  agar 
gragments by forcing them through a f ine  bore needle and examined by e lec tron  
microscopy. Agar fragments were a lso  boiled in an approximately equal volume 
of double strength  sample buffer before layering onto slab ge ls  fo r  an a ly s is  
by SDS-PAGE.
Iso e lec tr ic  fdcusing. PAG p la te s  (LKB) were used by the method d e ta iled  in  the  
PAG plate  in s truc tio n  l e a f l e t  (LKB).
C h e m ic a l  a n a l y s e s . P r o t e i n  c o n c e n t r a t i o n s  w e re  e s t i m a t e d  
spectrophotometriclly by the method of Ehresmann e t  a l .  (1973). Solutions of 
protein made up from freeze dried preparations were measured for absorbance a t  
228.5 and 234.5nm. The c o n c e n tra t io n  of p ro te in  was c a lc u la te d  using  the  
formula A 228.5 -  A 234.5nm x 317.5 = ug of p ro te in /m l .  Carbohydrate 
concentrations were measured co lo rim etrica lly  by the indole method of Ashwell 
(1957), us ing  a sucrose  s tand ard . To 1ml of s o lu t io n ,  d i lu te d  to  g ive  an 
e s t im a te d  5.25ug of ca rboh yd ra te /m l,  was added 2 ml o f  9 8 ? (w/v) and
0.1ml of 1? (w/v) indole in absolute alcohol in tubes kept on ice. Tubes were 
then t r a n s f e r r e d  to  a w ater ba th  a t  100°C f o r  10 min, cooled and t h e i r  
contents measured for absorbance a t  480nm. The concentration of carbohydrate 
was calculated by reading the absorbance f igure  against a ca l ib ra tion  curve 
for sucrose (5-25 ug/ml).
H aem agglu tination  t e s t s . The method o f  Burrows e t  a l .  (1976) was used. 
Doubling d i lu t io n s  of twenty ul of haemagglutinin so lu tion  were made in  20ul 
of Alsevers buffer (20.5g of glucose, 8g of sodium c i t r a t e  and 4.2g of sodium 
c h lo r id e  made up to  1L w ith  d i s t i l l e d  w a te r  and the  pH a d ju s te d  to  6.1 w i th  
10? w/v c i t r i c  acid solution), made 3? w/v with D-mannose, in a round bottomed 
m ic r o t i t r e  t r a y  ( S t e r i l i n ) .  20 u l of e ry th ro c y te s  (from blood in  which 
coagulation was prevented by the addition of 1ml of 20? w/v sodium c i t r a t e  to  
20ml of blood a t  c o l le c t io n )  washed th re e  t im e s  in  A lsevers b u f f e r  and 
resuspended to  3? (v/v) were added to  d i lu te d  h aem agg lu tin in . Trays were 
gen tly  shaken and incubated  a t  4°C f o r  2 h. The t e s t  was m odified  (where 
a p p l ic a b le )  fo r  an assessm ent of m an n o se -se n s i t iv e  haem ag g lu tin in s  by 
excluding mannose from the buffer and by incubation of t e s t s  a t  37°C fo r  2 h.
To i n v e s t ig a t e  th e  n a tu re  of r e c e p to r s  f o r  h a em ag g lu t in in s ,  o th e r  sugar or 
amino sugar (3? w/v) so lutions were subs ti tu ted  fo r  mannose and e x tra c ts  were 
dilu ted to  two haemagglutinin un its . B acterial ex trac ts  and suspensions were 
held a t  100°C f o r  30 min or t r e a te d  w ith  0.5? (v /v) form aldehyde a t  37°C fo r  
4h p r io r  to  th e  t e s t  to  a s se s s  te m p e ra tu re  and chem ical s t a b i l i t y  o f the  
haemagglutinin. Resistance of haemagglutinins to  the action of enzymes was 
examined as follows. 50ul of trypsin  so lu tion  (10mg/ml; Sigma, type I I I )  was 
dilu ted in  450ul of haemagglutinin p re p a ra t io n  c o n ta in in g  200ug of p r o te in ,  
and incubated a t  37°C for 1h . To check the a c t iv i ty  of trypsin , samples were
removed from th e  r e a c t io n  m ix tu re  a t  i n t e r v a l s  fo r  a n a ly s is -b y  SDS-PAGE.
' \
Trypsin was inactiva ted  by incorporation of 2? (w/v) bovine serum albumin in 
buffer used in haemagglutination te s ts .  Where applicable, erythrocytes were
trea ted  with pronase and trypsin  (1mg/ml; Sigma; trypsin  was type I I I )  a t  37°C 
fo r  1h and washed th ree  t im es in  A lsevers  b u f f e r  a t  room tem p era tu re .  To 
check the a c t iv i ty  of pronase and trypsin , preperations were incubated with 
10mg/ml bovine serum albumin and sam ples were removed from th e  r e a c t io n  
mixture a t  in te rv a ls  for analysis by SDS-PAGE.
Haemagglutination inh ib ition  te s ts .  A t e s t  containing three  volumes was used 
( t o t a l  volume 60ul) in which p re p a ra t io n s  were d i lu te d  to  2  h aem agg lu tin in  
un its  in 3? (w/v) D-mannose in  Alsevers buffer. Antibody, s e r ia l ly  d ilu ted  in  
Alsevers buffer in a round bottomed m ic ro t i t re  tray , and haemagglutinin were 
allowed to  r e a c t  f o r  30 min a t  20°C b e fo re  washed e ry th ro c y te s  were added. 
Tests were incubated a t  4°C for 2h before reading.
Brush border adhesion t e s t s . Brush b o rd e rs  were prepared  from 2 le n g th s  o f  
small in te s t in e , taken a t  l e a s t - 1m above the ileocaecal valve from calves 1 -2  
days old and from a c a l f  8 days old (Burrows e t  a l . ,  1976). I n t e s t i n a l  
c o n te n ts  were f lu shed  out w ith  EDTA b u f fe r ,  pH 6 .8  (5.61g o f  NaCl, 1.09g of 
KH2 P02| ,  0.795g of Na2 HP02|-, 0 .11g o f  KC1 and 3.72g of disodium e th y le n e  
d ia m in e te t r a c e ta te  made up t o  1L w ith  d i s t i l l e d  w a ter)  a t  20°C. One end of 
in te s t in e  was clamped with Spencer Wells forceps and the in te s t in e  f i l l e d  w ith 
EDTA b u ffe r  u n t i l  d is tended . The open end was clamped and th e  p re p a ra t io n  
incubated  a t  20°C fo r  30 min. The i n t e s t i n e  was then  em ptied and then  
r e f i l l e d  w ith  h a l f  i t s  volume w ith  sucrose  b u f fe r ,  pH 6 .8 , (5 .6 lg  o f  NaCl, 
1.09g of KH2 P0i|, 0.795g of Na2HP0ij, 0.11g of KC1 and 102.6g of sucrose made up 
to 1L with d i s t i l l e d  water) a t  20°C. The in te s t in a l  l in in g  was then detached 
and released in to  the sucrose buffer by rubbing the in te s t in e  gently between 
hands fo r  2 min . The c o n te n ts  were then c e n t r i fu g e d  at-1000g a t  4°C fo r  10 
min , the supernatant discarded and the p e l le t  resuspended in  hyptonic EDTA 
solution, pH 7.4, (1.86g of disodium ethylene dimaminetetracetate made up to  
1L with d i s t i l l e d  water with the pH adjusted by the stepwise addition of 0.5M 
N2 CC>3 solution) a t  2 0 °C. The suspension of c e l l s  was then homogenised with a 
t e f lo n - t ip p e d  t i s s u e  grinder (c le a ra n ce  0.015-0.023cm, A.H. Thomas Co., 
P h i la d e lp h ia ,  USA) moving th e  p e s t l e  up and down s ix  t im e s  w ith  th e  g r in d e r  
r o t a t in g  a t  600rpm. The homogenate was c e n t r i fu g e d  a t  1000g a t  4°C f o r  10 
.. min, the supernatant discarded and the p e l le t  resuspended in  hypotonic EDTA
/ solution. The cycle of homogenisation, cen trifuga tion  and resuspension of the 
p e l le t  in fresh  hypotonic EDTA solution was repeated 3 or 4 timesand depended 
upon the  ease  w ith  which brush bo rders  p e l l e t e d .  As soon as  p o s s ib le  
. c e n t r i f u g a t io n  was c a r r ie d  out a t  300g fo r  5 mins. When th e  su p e rn a ta n t
buffer, following cen trifugation , became c lea r  the p e l le t  was resuspended in 
10 volumes of PBS and f i l t e r e d  through s e v e ra l  l a y e r s  of g la s s  wool. The 
number of brush borders was counted in  an improved Neubauer counting chamber 
and th e ir  concentration was adjusted to  1 x 10^ / ml.
The brush border adhesion t e s t  was carr ied  out by the addition of 100ul 
of brush b o rd ers  to  1 0 0 ul of a 1 / 1 0  d i l u t i o n  of a suspension  of b a c t e r i a ,  
e q u iv a le n t  to  Browns tube No. 4 p rev io u s ly  shown to  be approx im ate ly  
109cfu/m l, and in cu b a tio n  a t  37°C f o r  30 min. The p re p a ra t io n  was then  
examined under a phase con trast microscope.
Experience showed th a t  the adhesiveness of brush border preparations from 
c a lv es  l e s s  than 1 - 2  days o ld  d e c l in e d  ra p id ly  on s to ra g e  but never in  a 
predictable way. Storage of brush borders a t  -20°C in  50? (v/v) glycerol did 
not improve the e ffec tive  l i f e  of brush borders. Consequently brush borders 
were always used fresh. No attem pts were made to  q u a n ti ta te  the t e s t  because 
of th e  v a r i a b le  n a tu re  and source  of brush b o rders .  The ad h es iv en ess  o f 
b a c te r i a  was compared to  t h a t  o f  E. c o l i  B41, which was considered  p o s i t i v e  
when 10 or more b a c te r ia  were a t ta c h e d  to  each brush border and caused 
a g g lu t in a t io n  of brush bo rders ,  and t h a t  o f  E. c o l i  K12 which was n e g a t iv e  
s ince  no b a c te r i a  adhored to  brush b o rders .  A f u r th e r  n e g a t iv e  c o n tro l  
consisted of brush borders from a c a l f  8 days old to  which E*_ c o l i  B41 fa i le d  
to  adhere.
Inh ib ition  of adhesion to  brush borders was carried  out by the add ition
of 10ul of i s o l a t e d  adhesin  (200 ug/m l) t o  100ul of PBS which co n ta in ed
ftapproxim ate ly  10 brush b o rd e rs  and 10 b a c t e r i a .  P re p a ra t io n s  were then  
incubated  a t  37°C fo r  30 min. T e s ts  fo r  adhesion  of b a c t e r i a l  f r a c t i o n s  to  
,brush borders were carried  out in r e p l ic a te s  of f iv e  by the addition of 10ul of 
r a d io la b e l le d  p ro te in  (200ug.ml) to  90ul o f  brush bo rders  (1 0 ^ /ml in  PBS 
containing 1.5 (w/v) bovine serum albumin), which were incubated a t  37°C fo r  30 
min. Brush bo rders  were washed tw ice  in  b u f f e r  and counted in  a PRIAS PGD 
Autogamma (Packard In s t ru m e n ts ) .  A n e g a t iv e  c o n tro l  c o n s is te d  o f  b rush  
borders  from a c a l f  8 days old. The r e s u l t  was expressed  as a b ind ing  r a t i o  
of count of brush borders  p lus  adhesin /m ean count of f i v e  tu b e s  p lu s  
rad io labelled  adhesin trea ted  in  the same way as tubes which contained brush 
borders. A binding r a t io  of le s s  than 2 was not considered s ig n if ic a n t .
T ests  fo r  a ttachm en t to  i s o l a t e d  v i l l i . The method of G irardeau  (1980) was 
used. Immediately a f te r  slaughter a length of in te s t in e  was taken 1m above 
th e  i le o - c a e c a l  va lve  from c a lv e s  1-2 d old and placed in  Krebs b u f fe r ,  pH 
7.2, (0.12M NaCl, 0.014M KC1, 0.25M NaHCC  ^ and 0.001 M NaH2 P0ij) which was 
previously ch illed  a t  4°C. The in te s t in e  was opened longitudinally  and gently 
scraped w ith  a microscope s l i d e .  V i l l i  c o l le c te d  on the  un d e rs id e  of th e  
s l i d e  and were d is lodged  w ith  Krebs b u f f e r  a t  4°C. V i l l i  were then  r in s e d  
-twice by which time the supernatant buffer was clear. Approximately 20 v i l l i  
in 1ml were added to  1ml of a suspension of bacteria  equivalent to  Browns tube 
No. 4. The mixture was gently ag ita ted  and incubated a t  20°C fo r  20 min. The
v i l l i  were then removed and placed between a microscope s l ide  and cover s l ip .
Excess f lu id  was removed w ith f i l t e r  paper which produced a regu lar f la t te n in g  
of v i l l i  and f a c i l i t a te d  microscopic examination with phase co n tra s t  system. 
P o s i t iv e  adhesion  was considered  to  be e q u iv a le n t  to  th a t  seen w i th  E. c o l i  
B41 where bacteria  formed a confluent layer over brush border membranes and 
n eg a tiv e  when e q u iv a le n t  to  t h a t  o f  c o l i  K12 where few b a c t e r i a  were 
observed in association  with v i l l i .
Electron Microscopy. Fractions of bac te r ia  (200ug protein/ml) in PBS or agar 
fragments from immunoelectrophoresis ge ls  were dropped onto formvar/carbon- 
coated grids. After 30 sec, excess f lu id  was removed with f i l t e r  paper. The
grids were then stained w ith 1? (w/v) sodium phosphate (pH 6 .8).
B a c te r ia ,  on fo rm v ar /ca rb o n -co a ted  g r id s ,  were f ix ed  w ith  1? (w/v) 
aqueous osmium t e t r o x id e ,  washed w ith  d i s t i l l e d  w ater  and coa ted  w i th  
go ld /pa llad ium  a t  an ang le  o f  45°G in  an Edwards co a tin g  u n i t  (B rad ley , 
1965). All specim ens were examined in  a P h i l ip s  EM 300 a t  in s t r u m e n ta l  
magnifications of 20,000-55,000 with an accelera tion  voltage of 80KV.
Adherence of c e l l - f r e e  KQ9 to  ervthrocvtes. Unless otherwise s ta ted  Alsever's 
b u f fe r  and c e n t r i f u g a t io n  a t  1500g fo r  5 min a t  4°C were used in  t e s t s  fo r  
adherence of K99 to  erythrocytes. Sheep erythrocytes were washed in buffer 
u n t i l  the absorbance of supernatant buffer a t  280nm was le s s  than 0.1. One ml 
of packed erythrocytes was mixed w ith  2mg of rad io labelled  K99 from Ej_ c o l i  
B41 in 1ml of b u f f e r ,  incubated  a t  4°C fo r  90 min and c e n t r i fu g e d .  The 
supernatant f rac t io n  was sampled and analysed by SDS-PAGE. The ery throcy tes 
were washed 3 t im es  in  10ml of b u f fe r  a t  4°C, c e n tr i fu g e d ,  resuspended  in  
buffer to  2ml, incubated a t  37°C fo r  1h and centrifuged a t  2700g fo r  5 min a t  
room tem p era tu re ;  2 5 ul sam ples o f the  l a s t  su p e rn a ta n t  f r a c t i o n  and 5 ul
sam p ie s  o f  th e  packed e r y t h r o c y t e s  w ere  an a ly sed  by SDS-PAGE. The 
e ry th ro c y te s  were washed a f u r t h e r  th re e  t im es in  b u f f e r ,  resuspended on 
buffer to 2 ml and incubated fo r  I 8h a t  37°C; 25ul samples of the supernatant 
f rac tion  and 5ul samples of the packed erythrocytes were analysed by SDS-PAGE. 
Samples were a lso  analysed by SDS-PAGE when th is  process was repeated a t  43 
and 56°C. Tests fo r the adherence of c e l l - f r e e  K99 to  erythrocytes were done 
in the presence or absence^f 1? (w/v) D-mannose.
Production and i s o l a t i o n  o f  KQQ~ v a r i a n t s  o f  E. c o l i  B41. Ethidium brom ide 
(BDH) was s te r i l i s e d  by f i l t r a t i o n  and added to  Oxoid n u tr ien t  broth No. 2 a t  
100ug/ml. Broth c u l tu r e s  in o c u la te d  w ith  E*_ c o l i  B41 to  g ive  an i n i t i a l  
c o n ce n tra t io n  o f  100  c . f .u . /m l  were incubated  s t a t i c a l l y  a t  3 7 °C fo r  18  h. 
After being subcultured in small numbers u n t i l  the bacteria  had passed through 
approximately 60 generations, broths were d ilu ted  and spread onto agar p la tes . 
P la te s  were incubated  a t  37°C f o r  18 h before  c o lo n ie s  were t e s t e d  f o r  K99 
production  by s l i d e  a g g lu t in a t io n ,  imm unoradiom etric a ssay , SDS-PAGE and 
immunoelectrophoresis. A lternative ly  E,. c o li  B41 was se r ia l ly  subcultured a t  
43°C for 72h, d ilu ted  and spread onto agar p la tes  -which were incubated a t  37°C 
fo r 18 h before colonies were tes ted  for K99 production.
S e lec tio n  and i s o l a t i o n  o f  KQ9“ v a r i a n t s  o f  E. c o l i  B41 . E. c o l i  B41 (10)9 
organisms) were added to  4ml of r a b b i t  an tise rum  ra i s e d  a g a in s t  E. c o l i  K12 
K99 and 1ml of r a b b i t  serum which had been s to re d  a t  - 7 0 °C and se rv ed  as  a 
source of complement. The b ac te r ia  were incubated a t  37°C fo r  24 h. S e r ia l  
d i lu t io n s  were spread on p l a t e s  o f  agar and incubated  a t  3 7 °C fo r  18  h; 
colonies were examined fo r  K99 production.
P u r i f i c a t io n  o f  KQQ by adherence to  and e lu t io n  from sheep e r v th r o c v te s . A 
c e l l - f r e e  K99 p re p a ra t io n  (5 mg of p ro te in  in  2 ml of A lsevers  b u f f e r )  was 
fu rther purified  by absorption to  2 ml of washed and packed sheep e ry throcy tes  
a t  4°C fo llow ed by th re e  washes in  10ml of PBS a t  4°C and by e l u t i o n  and 
separation from erythrocytes a t  37°C. The supernatant f rac tio n  was te s te d  for 
homogeneity by SDS-PAGE and by the r e s u l ts  of an immunoradiometric assay fo r  
K99 which used antibody to  K99 pu rif ied  by the method described here.
Immunoradiometric assay (IRA) fo r KQQ. Anti-K99 antibodies were p u r if ied  by 
an immunosorbent method. K99 from E. c o l i  K12 K99  p u r i f i e d  by adherence  to  
and e lu t io n  from sheep e ry th ro c y te s  was a t tac h ed  to  Sepharose 4B CL
(Pharmacia) by th e  CN-Br method o f  Fuchs and Sela  (1978) d e sc r ib e d  in  the  
section on Column Chromatography. The immunosorbent was mixed w ith  2ml of 
antiserum  to  E. c o l i  B41 fo r  15 min a t  2 0 °C and washed 5 t im e s  in  PBS. K99 
antibody was e lu te d  by re su sp e n s io n  of the  immunosorbent in  2ml o f  0.1 M- 
glycine/HCl b u f f e r ,  pH 2.0, fo r  15 min. The e lu a te  was removed and th e  pH 
adjusted to 7.4 w ith 1M-Tris/HCl buffer.
Antibody to  K99 (50ug) was labe lled  with 0.5 mCi o f  . centrifuged a t  
10000g fo r  15 min and d i lu te d  to  10000 cpm, 10ul in  IRA b u f f e r  (1.5? w/v 
bovine serum album in, 10? (v /v) f o e t a l  c a l f  serum in  PBS). Suspensions 
(100ul) of app rox im ate ly  109 c fu /m l (eq u iv a len t  to  Browns tube  No.4) were 
mixed with 10ul of 125i_iabelled  anti-K99 antibody, incubated a t  4°C for 30 
min , 37°C fo r  30 min and centrifuged a t  10,000g fo r 2 min. The supernatant 
was removed and th e  p e l l e t  washed tw ice  by resusp ens io n  in  IRA b u fer  and 
c e n t r i fu g a t io n  a t  10,000g f o r  2 min. The r a d io a c t iv i t y  of b o th -c e n tr i fu g e  
tubes and p e l le ts  was counted in  a PRIAS PGD Autogamma (Packard Instruments). 
Negative controls were tubes which contained 100ul of IRA buffer and 10ul of 
^ ^ I - l a b e l l e d  anti-K 99 and were o th e rw ise  t r e a te d  th e  same as  o th e r  tu bes . 
Counts of r a d i o a c t i v i t y  were d iv id ed  by r a d io a c t iv i t y  in  c o n t r o l s  and were 
re fe r r e d  to  as b ind ing  r a t i o s .  A b ind ing  r a t i o  of 2 or more was c o n s id e red  
s ign if ican t.
S ta t i s t i c a l  analysis of immunoradiometric assays.
Ms. Linda -Williams (IRAD) kindly a ss is te d  in  the s t a t i s t i c a l  an a ly s is  of data 
from experiments designed to  iden tify  any antigenic v a r ia t io n  between the  K99 
a n tig en s  of E. c o l i  B41 and B117. A r e g re s s io n  model was f i t t e d  in  s ta g e s  
using the GLIM s t a t i s t i c a l  package (Baker and Nelder, 1978).
Extraction of l ip id s  and g lvco lip ids  from sheep ervthrocvtes.
The method for the preparation of undefined l ip id  and g lyco lip id  from sheep 
erythrocytes of Karlsson e t  a l .  (1973) was used. The erythrocytes from 2 5 0 ml 
of sheep blood trea ted  with c i t r a t e  as an anticoagulant were washed 3 tim es in 
PBS and then d r ie d  down a t  60°C f o r  96h. The re s id u e  was then  p laced  in  a 
Soxhle t appara tu s  and e x t r a c te d  w ith  chloroform:methanol (2:1) mixture fo r 
48h. The organic solvent e x tra c t  was then rotary evaporated to  dryness. The 
f in a l  y ie ld  was 0.52g. To t e s t  th e  a b i l i t y  of th e  e x t r a c t  t o  i n h i b i t  
haem agg lu tina tion  0.1g o f  e x t r a c t  was su spended  i n  10ml o f  PBS and 
u l t r a s o n ic a te d  w ith  6 , 15 sec b u r s t s  w ith  15 sec i n t e r v a l s  w h i l s t  in  an ic e  
bucket. This preparation was d ilu ted  in Alsevers buffer which contained 3? 
(w/v) D-mannose in a m ic ro t i t re  tray p rior to  a haemagglutination t e s t .
Extraction of glycoproteins from sheep ervthrocvte membrane.
The method of Marchesi and Andrews (1971) was used. F i f ty  ml o f  f r e s h ly  
collected sheep blood (sodium c i t r a t e  was used as anticoagluant) was lysed by 
the addition of 200ml of double d i s t i l l e d  water, centrifuged a t  20000g a t  4°C 
for 10 min, washed twice by resuspension in water, f in a l ly  centrifuged and the  
p e l le t  resuspended in  20ml of 0.3M diiodolithium s a l ic y la te  in  0.05M Tris/HCl, 
pH 7.5, fo r  15 min a t  room tem p era tu re  (approxim ately  20°C). Forty  ml of 
w ater was added and th e  m ix tu re  s t i r r e d  a t  4°C f o r  10 min. A p r e c i p i t a t e  
formed which was p e l l e t e d  by c e n t r i f u g a t io n  a t  45,000g f o r  90 min a t  4 °C. 
The p e lle t  was resuspended in  PBS and dialysed against several chages of PBS 
a t  4°C. The e x t r a c t  was then  phenol t r e a te d ,  th e  aqueous l a y e r  removed, 
f r e e z e  d r i e d  and w ashed w i th  a b s o l u t e  a lc o h o l  t o  rem ove any l i p i d  
contaminants. The f in a l  y ie ld  was 5ml which contained 270 ug ml” * of pro te in  
and 35 ug ml“ 1 of carbohydrate.
Results and Discussion.
(a) Preliminary attempts to  purify KQQ antigen.
The p r inc ip le  of the method described by Isaacson (1977) was th a t  the K99 
an tigen  i s  c a t io n i c  (Guinee e t  a l . ,  1976) and, in  c e l l - f r e e  p re p a ra t io n s ,  
should pass down a DEAE-Sephadex column in  the void volume when eluted with 
low ionic s treng th  buffers. Under these conditions other p ro teins  would be 
anionic and adhere to  column m ateria l. Several attem pts in  t h i s  laboratory to  
reproduce th e  method f a i l e d  because no so lu b le  m a te r i a l ,  d e te c te d  by 
absorbance a t  228.5nm, appeared in  the  column void volume. In c re a s in g  the  
ionic strength  of the e lu tion  buffers  released protein  from the column but i t  
was heterogeneous giving several l in e s  in double immunodiffusion t e s t s  with 
antiserum  to  E. c o l i  B41, and SDS-PAGE in s te a d  of two l i n e s  by SDS-PAGE and 
only one by double immunodiffusion (Isaacson, 1977).
These r e s u l t s  suggested  t h a t  the  K99 had a high a f f i n i t y  fo r  a n io n ic  
m a te r ia l  bound to  DEAE-Sephadex and i f  t h i s  a f f i n i t y  were non io n ic  or 
hydrophobic, in c lu s io n  of non io n ic  s u r f a c ta n t s ,  ought to  r e l e a s e  K99, but 
not the  a n io n ic  m a te r i a l ,  from DEAE Sephadex. The use of such s u r f a c t a n t s ,  
fo r  example 2M-8M Urea, 0.5-1? (v/v) non id e t  P40, 0.5-1? (w/v) L ubro l, and 
0.5-1? (w/v) Tween 20 e ith e r  singly or together in  e lu tion  buffe rs  of low or 
high io n ic  s t r e n g th  did no t improve the  recovery or p u r i ty  of K99 from the  
column nor did the use of c e l l - f r e e  K99 prepared from E*. co li  K12 K99 or B117 
as s ta r t in g  -material. I t  seemed th a t  the K99 preparations were e i th e r  le s s  
cationic than suggested by Isaacson (1977) and Guinee (1976) or combined with 
other m aterial in the c e l l - f r e e  preparation so strongly th a t  i t  could not be 
e lu ted  s e p a ra te ly  from the column. I s o e l e c t r i c  focu s in g  of c e l l - f r e e  K99 
revealed  th e  presence  of a h eav i ly  s ta in e d  l i n e  a t  a p o s i t io n  in  th e  g e l  to  
indicate an i s o e le c t r ic  point of 10 which i s  in close agreement with Isaacsons 
e s t im a t io n  o f  the  i s o e l e c t r i c  p o in t  of K99. The K99 p repared  in  t h i s  
laboratory, therefo re  was as ca tion ic  as th a t  purified  by Isaacson.
P re p a ra t iv e  e le c t r o p h o r e s is ,  column chromatography on Sephadex G50 and 
G200 and Sepharose 4BCL in e lution -buffers containing e i th e r  8 M Urea or 1? SDS 
yielded e lua tes  which contained several polypeptides and antigens by SDS-PAGE 
and immunodiffusion, respectively , and did not improve separation.
Immunosorbent chromatography of c e l l - f r e e  K99 from E. c o l i  K12 K99, 
placed down a column of a n t i  co li K12 conjugated to  Sepharose 4BCL, eluted 
with PBS produced a void volume frac tion  which contained several polypeptides 
and antigens. These were detected by SDS-PAGE and only one was K99 detected 
by double immunodiffusion with an tisera  to  E. c o li  B41 absorbed with bacteria  
grown a t  18°C. This was probably a r e s u l t  of the  an tise ru m  to  E. c o l i  K12 
lacking antibody to  many of the non K99 proteins and K99 in the  c e l l - f r e e  K99. 
This may have been due to  a poor antibody response to  some of the  non K99 
p ro te in s  by the  c a l f  o r ,  l i k e  K99, because they were produced by E. c o l i  K12 
K99 but not by E. c o l i  K12.
(b) C h a r a c te r i s a t io n  o f  KQQ and the  an io n ic  a n tig en  in  crude e x t r a c t s  by 
immunoelectrophoresis and adhesion to  erythrocytes.
Comparison of SDS-PAGE g e ls  of r a d io la b e l le d  c e l l - f r e e  K99 from E. c o l i  B41 
and autoradiographs of the same gels suggested th a t  a l l  bands were iodinatea 
by the treatm ent adopted and the polypeptides concerned could, therefore , be 
followed re l iab ly  by autoradiography.
The K99 p re p a ra t io n  con ta ined  p o ly p ep tid es  w ith  a p p aren t  m olecu lar 
weights o f  19,000, 34,000 and 38,000 in  a d d i t io n  to  h ig h e r  m o lecu la r  w eight 
po lyp ep tides  (two p re p a ra t io n s  rep re se n te d  in  Fig.. 1 lan e  1 and Fig . 2 lane 
1). The bands in  F ig . 2 la n e  1 t h a t  a re  no t a p p aren t  in  F ig . 1 la n e  1 may 
have been due to  denaturation caused by radioiodination (Hunter, 1978). K99
p re p a ra t io n s  co n ta ined  2-4? carbohydra te , 96-98? p r o te in  and formed two 
cationic and two anionic l in e s  in immunoelectrophoresis with an tise ra  to E. 
co li  B41. Electron microscopy revealed fimbriae in K99 preparations (Fig. 3).
Immunoelectrophoresis of radiolabelled K99 preparation from Ej_ c o l i  B41 
w ith  K99 a n t i s e r a  r e s u l t e d  in  one c a t io n ic  and one a n io n ic  p r e c i p i t i n  l i n e  
(Fig. 4). Im m unoelec trophoresis  was done w ith  agarose  which has a lower 
electroendosmosis than Noble agar. The e ffe c t  of electroendosmosis was to  
reduce the mobility of the anionic antigen making the p re c ip i t in  l in e  short, 
easy to  see but too  c lo se  to  the  sample w e ll  fo r  e x c is io n  of the  p r e c i p i t i n  
l in e  from the well which may have contained contaminants (compare Fig. 4 with 
Fig. 9 page 58). SDS-PAGE gels  revealed th a t  the anionic antigen consisted 
of the 34,000 MW polypeptide (Fig. 1 lane 2). Hie ca tion ic  antigen consisted 
of the 19K and 38K polypeptides (Fig. 1 lane 3). The 38000 MW polypeptide did 
not appear i n  SDS-PAGE g e ls  when 2 -m ercap toe thano l was excluded from the
Figure 1. Autoradiograph of SDS-PAGE analysis of immunoelectrophoresed
K99 preparation.
1 2 3
3 8000  —  
34000  —  
19000  —
Lane 1: K99 p r e p a r a t i o n .  Lane 2: A n i o n i c  p r e c i p i t i n  l i n e .  
Lane 3: C a t i o n i c  p r e c i p i t i n  l i n e .
F i g u r e  2. A u t o r a d i o g r a p h s  o f  SDS-PAGE a n a l y s e s  o f  K99 i n  e r y t h r o c y t e
a d h e r e n c e  t e s t s .
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Lane 1: K99 p r e p a r a t i o n .  Lane 2: S u p e r n a t a n t  f r a c t i o n  a f t e r  i n c u b a t i o n  
o f  K99 w i t h  s he ep  e r y t h r o c y t e s  f o r  90 min a t  4°C. Lane 3:  S u p e r n a t a n t
f r a c t i o n  o f  s he ep  e r y t h r o c y t e s  mixed w i t h  K99 a t  4°C, washed and t h e n
i n c u b a t e d  f o r  l h  a t  37°C.  Lane 4: Sheep e r y t h r o c y t e s  mixed w i t h  K99 
a t  4°C, washed and t h e n  i n c u b a t e d  f o r  l h  a t  37°C.  Lane 5: S u p e r n a t a n t  
f r a c t i o n  o f  s h e ep  e r y t h r o c y t e s  mixed w i t h  K99 a t  4°C, washed a t  37°C
and i n c u b a t e d  f o r  18h a t  37°C.  Lane 6: Sheep e r y t h r o c y t e s  mixed w i t h
K99 a t  4°C washed a t  37°C and i n c u b a t e d  f o r  18h a t  37°C.
Figure 3. Electron micrograph of negatively stained K99 preparation.
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F i g u r e  4.  I m m u n o e l e c t r o p h o r e s i s  o f  r a d i o l a b e l l e d  K99 p r e p a r a t i o n
from E s c h e r i c h i a  c o l i  B41
+Anode
sample b u f f e r  (Fig. 5). Presumably the  19,000 MW p o ly p ep tid e  in  i t s  n a t iv e  
form c o n ta in s  a d isu lp h id e  bond which was broken by re d u c t io n  w ith  2 -  
m ercap toethanol in th e  sample b u ffe r .  The running ge l  d id  no t co n ta in  2 - 
m ercap toethanol and d isu lp h id e  bonds may have reform ed between 19,000 MVJ 
polypeptides to  give a 38,000 MW dimer.
A utoradiographs o f  SDS-PAGE g e ls  o f the  s u p e rn a ta n t  f r a c t i o n  sampled 
a f te r  mixing the radio labelled  preparation of K99 from JE*. c o l i  B41 with sheep 
e ry th ro c y te s  a t  4°C fo r  90 min revea led  t h a t  the  38,000 MVJ, 34,000 MW, and 
19,000 MVJ p o ly p e p t id e s  were dep le ted  along w ith  o th e r  p o ly p ep tid es  (Fig. 2 
lane 2). After washing of the erythrocytes and subsequent incubation a t  37°0 
for 1h, the adhesin(s) consisting of the 19,000 MW and 38,000 MW polypeptides 
e lu ted  (Fig. 2 lane  3). At l e a s t  four o th e r  h ig h e r  m olecu lar  w eigh t 
polypeptides eluted in -add ition  to  a 13K polypeptide, which was not found in  
SDS-PAGE g e ls  of K99 preparations from p i lo t  experiments (compare Fig. 1 lane 
1 and F ig . 2 la n e  1). This po lypep tide  may be th e  r e s u l t  o f d e n a tu ra t io n  
caused by radioiodination. After washing and when incubated a t  37°C for 1h, 
and for a fu r th e r  I8h, the 34,000 MW polypeptide remained firm ly bound to  the 
e ry th ro c y te s  (Fig. 2 lan es  4, 5 and 6 ). F u r th e r  i n v e s t i g a t i o n  rev ea led  t h a t  
the 34,000 MVJ adhesin  could not be e lu te d  from sheep e ry th ro c y te s  by 
in cu b a tio n  o f  I 8 h a t  43°C or 56°C. -However, measurement of r a d i o a c t i v i t y  
showed th a t  incubation of erythrocytes in  2M-NaCl fo r  1h a t  4°C caused 20% of 
the 34,000 MW polypeptides to  elute.
(c) A method fo r  the  p u r i f i c a t i o n  o f  K9Q. The r e s u l t s  o f  th e  e ry th ro c y te  
adherence experiments suggested tha t K99 might be p u rif ied  by absorption to  
e ry th ro c y te s  a t  4°C, washing a t  4°C and e lu t io n  from e ry th r o c y te s  a t  37°C. 
Five mg of c e l l - f r e e  K99 from E. c o l i  K12  K99 was p rocessed  in  t h i s  way and 
yielded 3mg in 6ml of buffer. SDS-PAGE revealed a single  polypeptide MW 19000 
(Fig. 6 ). This p re p a ra t io n  was to  be used as  an immunosorbent to  p u r i fy  
antibody to  K99 for the development of an immunoradiometric assay (IRA)
for K99. As there  was l i t t l e  K99 available, fu r the r  ch a rac te r isa tio n  was not 
attempted since i t  would have l e f t  in su f f ic ie n t  m ateria l for the p u r if ic a t io n  
of antibody to  K99. Consequently i t  was hoped t h a t  r e s u l t s  of t e s t s  of the 
sp ec if ic i ty  of the IRA would be an ind icator of the purity of the K99 prepared 
by absorption to , and e lution from erythrocytes.
The r e s u l t  of the  IRA w ith  the  KQQ+ E. c o l i  l i s t e d  in  th e  methods was a
q
binding r a t i o  of between 5 and 6 fo r  a suspens ion  o f  ap p rox im ate ly  1Cr
F i g u r e  5.  SDS-PAGE a n a l y s i s  o f  K99 p r e p a r a t i o n  w i t h  o r  w i t h o u t  2 -
m e r c a p t o e t h a n o l
1 2
Lane 1: K99 p r e p a r a t i o n  t r e a t e d  w i t h  2 - m e r c a p t o e t h a n o l  
Lane 2: K99 p r e p a r a t i o n  n o t  t r e a t e d  w i t h  2 - m e r c a p t o e t h a n o l  
= p o s i t i o n  o f  3 8 ,0 0 0  MW K99
F i g u r e  6 .  SDS-PAGE a n a l y s i s  o f  K99 p u r i f i e d  by a f f i n i t y  t o
s h e ep  e r y t h r o c y t e s
1 2 3
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Fane 1: M o l e c u l a r  w e i g h t  s t a n d a r d s
Lane 2: C e l l  e x t r a c t  o f  E. c o l i  K12 K99
Lane 3:  K99 p u r i f i e d  from a c e l l  e x t r a c t  o f  E. c o l i  K12 K99
bacteria/ml and le s s  than 1 to  1.25 for the same bacteria  grown a t  18°C. The 
r e s u l t  of the  IRA w ith  the  o th e r  b a c te r i a  l i s t e d  in  the  methods, w ith  the  
exception of the Cowen I Staph, aureus, (these bacteria  gave a binding r a t io  
o f 4 and was probably due to  p ro te in  A production) and fa e c e s  from a d u l t  
c a t t l e  d i lu te d  1/10 in  IRA b u f fe r  was between l e s s  than  1 and 1.25. The 
r e s u l t s  o f  SDS-PAGE and the  r e a c t io n  w ith  K99+ E. c o l i  and th e  f a i l u r e  to
react with a wide range of other antigens indicated th a t  the K99 pu rif ied  by
t h i s  a f f i n i t y  method was homogeneous. T i t r a t i o n  of su sp en s io n s  o f  K99+ E. 
co li  showed the IRA capable of detecting between 10^ and 10^ E* c o l i / ml (Fig. 
7).
(d) Iso la tion  and charac te r isa tion  of a. K99~ varian t of E. c o l i  B41.
Attem pts to  induce K99~ v a r i a n t s  o f  E. c o l i  B41 by growth e i t h e r  in  th e  
presence of ethiaium bromide or a t  high temperatures fa iled .
96-97% of colonies of E*. c o l i  B41 which had been incubated with a n ti  serum
to  E*. c o l i  K12 K99 were e n t i r e ,  2 mm in d iam ete r  and were a g g lu t in a te d  by 
a n t i s e r a  to  E*_ c o l i  K12 K99 and to  E*. c o l i  B41 t h a t  were absorbed w i th  
b a c te r ia  grown a t  18°C; t h i s  in d ic a te d  th e  presence of K99. The rem ain ing  
co lon ies  were 4mm in  d iam e te r ,  c ren a ted  and were a g g lu t in a te d  by absorbed 
antiserum to E. c o l i  B41. They were not agglutinated by absorbed antiserum to  
E. coli K12 K99. This pa ttern  of agglutination remained constant a f te r  six 
su b c u ltu re s  a t  37°C and in d ic a te d  t h a t  the  v a r i a n t s  d id n o t  p o sse s s  K99 bu t
produced another antigen a t  37°C but not a t  18°C.
One K99“ v a r i a n t  was chosen fo r  f u r th e r  c h a r a c t e r i s a t i o n .  The IRA 
revealed  th a t  su sp e n s io n s  o f  th e  v a r i a n t  grown a t  37°C, c o n t a i n i n g  
approxim ately 109 b a c te r i a /m l  ( e q u iv a le n t  to  Browns tube No.4), d id  no t 
contain K99.
Sodium dodecy1sulphate-PAGE of c e l l - f r e e  e x t r a c t s ,  c o n c e n tra te d  by 
p rec ip ita tion  in  36% saturated  ammonium sulphate from the v a r ia n t  grown a t  
37°C, revealed the absence of the 19,000 MVJ polypeptide subunit of K99. The 
34,000MVJ po lypep tide  su b u n it  of the  a n io n ic  adhesin  was of com parable
intensity  to  th a t  of the parent s t r a in  (Fig. 8 ).
Immunoelectrophoresis performed w ith  c e l l - f r e e  e x t r a c t s  from th e  K99” 
variant and absorbed antiserum to  ju c o li  B41 produced one anionic p re c ip i t in
7. Immunoradiometric assay of different K99+ Escherichia coli
o E.coli B41 
o  E.coli B44 
□ E.coli B117
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SDS-PAGE a n a l y s i s  o f  c e l l  e x t r a c t s  f rom E s c h e r i c h i a  c o l i  
B41 and i t s  K99 v a r i a n t .
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M o l e c u l a r  w e i g h t  s t a n d a r d s .
C e l l  e x t r a c t  o f  E. c o l i  B41.
C e l l  e x t r a c t  o f  t h e  K99 E. c o l i  B41
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l ine  (Fig. 9). The cationic  l in e  produced in t h i s  t e s t  by c e l l - f r e e  ex trac ts  
from K99+ i k  c o li  B41 was absent.
The v a r i a n t  when grown a t  37°C adhered to  brush borders  0 1 0 -1 2
b a c te r ia /b r u s h  border which caused a g g lu t in a t io n  of brush borders).  By
contrast, the varian t when grown a t  18°C did not adhere to  brush borders but 
did adhere to  other r e f r a c t i l e  m aterial in brush border preparations. The wild 
type £4. c o l i  B41 reacted in brush border t e s t s  in the  same way.
(e) P a r t ia l  pu rif ica tion  of the anionic adhesin.
A c e l l - f r e e  ex trac t from the K99“ va rian t of J k  c o l i  B41 (51g wet weight) 
made 30% saturated  with ammonium sulphate developed a p re c ip ita te  a f te r  24 h 
a t  4°C which was soluble in PBS and contained 50% protein  and 50% carbohydrate 
(which re p re se n te d  a t o t a l  recovery o f  1 0 ml which con ta ined  1 .9 7mg o f 
m aterial/m l). SDS-PAGE revealed a single polypeptide of 34,000 MW (Fig. 10). 
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ac t iv i ty  or protein content by four s e r ia l  p re c ip i ta t io n s  a t  pH 4.2 (Stirm e t  
a l . ,  1967). This m a te r ia l  produced a s in g le  a n io n ic  l i n e  when te s te d  by 
im m unoelectrophoresis  a g a in s t  j k  c o l i  B41 an tise ru m . Antiserum to  t h i s  
preparation however, agglutinated K99+ ik  c o l i  B41 grown a t  e i th e r  18 or 37°C. 
When absorbed with K99~ organisms grown a t  18°C, th is  antiserum agglutinated 
only K99" E. co li  grown a t  37°C. These findings suggested th a t  the p a r t ia l ly  
purified  polypeptide was contaminated with small amounts of what was possibly 
0 -a n t ig e n  which could not be d e te c ted  d i r e c t l y  in  the  p re p a ra t io n  bu t was 
d e te c ta b le  i n d i r e c t l y  by i t s  s tro ng  immunogenic p o t e n t i a l  in  th e  r a b b i t .  
Similar d i f f ic u l ty  was experienced by Stirm e t  a l. (1967) in  the p u r if ic a t io n  
of K8 8 .
(f) Haemagglutination properties of K9Q and the anionic adhesin.
The c e l l - f r e e  K99 preparation from jk  c o l i  B41 d ilu ted  to  2 mg/ml (as in  
the erythrocyte adhesion experiment) caused agg lu tina tion  of horse, sheep and 
guinea-pig erythrocytes a t  t i t r e s  of 32, 4 and 4 respectively . Preparations 
were then incuba ted  a t  37°C. The h aem agg lu tin in  fo r  horse  and guinea pig 
erythrocytes eluted in a l l  wells within 15min. The haemagglutinin for sheep 
e ry th ro c y te s  e lu te d  w i th in  15 min a t  3 7 °C in  th e  w e ll  t h a t  con ta in ed  one 
haemagglutinin u n it  (the l a s t  well showing haemagglutination), but w ells  th a t  
contained two or more u n its  fa i led  to  e lu te  a f t e r  2 h a t  37°C.
Figure 9 I m m u n o e l e c t r o p h o r e s i s  o f  a c e l l  e x t r a c t  o f  t h e  K99_ v a r i a n t  
o f  E s c h e r i c h i a  c o l i  B41 w i t h  a b s o r b e d  a n t i s e r u m  t o  E. c o l i  
B41 i n  Noble a g a r .
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F i g u r e  10. SDS-PAGE a n a l y s i s  o f  p u r i f i e d  e x t r a c t -  o f  t h e  K99 v a r i a n t  
o f  E s c h e r i c h i a  c o l i  B41.
34000 —  
19000 —
Lane 1: M o l e c u l a r  w e ig h t  s t a n d a r d s .
Lane 2: A c e l l  e x t r a c t  o f  E. c o l i  B41.
Lane 3:  A 30% ammonium s u l p h a t e  f r a c t i o n  o f  a  c e l l  e x t r a c t  f rom t h e  
K99" E. c o l i  B41.
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A fter  th e  c e l l - f r e e  K99 p re p a ra t io n  from E. c o l i  B41 and packed sheep 
erythrocytes had been mixed and incubated a t  4°C fo r  90 min, the supernatant 
frac tion  caused haemagglutination of horse erythrocytes a t  a t i t r e  of 4 a t  4°C 
and the haemagglutinin eluted w ithin  1h a t  37°C.
The supernatant frac tion  from an erythrocyte adherence experiment which 
contained the 19,000 and 38,000 MW but not the 34,000 MW polypeptides (see 
Fig. 2, lane  3) caused a g g lu t in a t io n  o f  horse  and sheep e ry th ro c y te s  a t  
t i t r e s  of 128 and 8 respectively. Haemagglutinin in a l l  w ells  eluted w ith in  5 
min a t  37°C. This frac tion  did not agg lu tinate  guinea pig erythrocytes.
The supernatant frac tion  from an erythrocyte adherence experiment which 
contained only the 34,000 MW polypeptide, e lu ted from erythrocytes with NaCl, 
caused agglutination of horse, sheep and guinea pig erythrocytes a t  t i t r e s  of 
2, 1 (undiluted) and 1, respectively. The haemagglutinin for horse and guinea 
pig e ry th ro c y te s  e lu ted  w i th in  5 min and 15 min r e s p e c t iv e ly  a t  37°C. The 
haemagglutinin for sheep erythrocytes f a i le d  to  e lu te  a f te r  2 h a t  37°C. The
34.000 MVJ polypeptide also agglutinated sheep erythrocytes a t  37°C a t  a t i t r e  
of 1. H aem agglutination  was u n a ffe c te d  by th e  presence or absence of D- 
mannose.
The f in d in g s  of the  h a em ag g lu t in a tio n  t e s t s  confirm ed th o se  of th e  
erythrocyte adherence experiments. The 19,000 MVJ and 38,000 MW polypeptides 
eluted from sheep erythrocytes a t  37°G w h ils t  the 34,000 MW polypeptides did 
not. However, assuming a p a rt icu la r  kind of polypeptideintheK99 preparation 
from jk  c o l i  B41 causedagglutination of d i f fe re n t  erythrocytes, the 34,000 MW 
polypeptides eluted from horse and guinea pig erythrocytes a t  37°C as did the
19.000 MW and 38,000 MW p o ly p ep tid es  from horse , guinea pig and sheep 
e ry th ro c y te s .  M orris e t  a l .  (1980) dem onstra ted  the  a b i l i t y  of th e  a n io n ic  
antigen to  adhere to  brush border c e l ls .  I f  th is  adhesion i s  necessary for in  
vivo colonisation of the neonatal c a l f  ileum (Smith and Huggins, 1978), then 
i t  should occur a t  37°C. Consequently, the  r e le v a n t  sheep e ry th ro c y te  
receptor fo r the anionic antigen may resemble the brush border recep tor more 
closely than do the horse and guinea pig erythrocyte receptors.
The e lu tion  of the cationic  K99 antigen from sheep, horse and guinea pig 
erythrocytes a t  37°C suggests th a t  the receptors on these d i f fe r  m ate r ia lly  
from those on brush border ce l ls .
A so lu tion  of the p a r t ia l ly  purif ied  anionic adhesin which contained 30 
ug protein/m l, caused agglutination of sheep and horse erythrocytes to  t i t r e s
of 256 and 64 respectively . There was no mannose sen s i t iv e  haemagglutinin to 
horse erythrocytes. Treatment with trypsin or formaldehyde did not a f fe c t  the 
haem agg lu tina tion  t i t r e  but the  t i t r e  was reduced to  l e s s  than  2 0 % by p r io r  
treatment of the adhesin a t  100°C fo r 30 min. In con trast ,  K99 prepared from 
E. c o l i  K12 K99 (s crude c e l l - f r e e  e x t r a c t  which showed no ev idence  of the  
an ion ic  a n t ig e n  in  im m unoelectrophoresis , SDS-PAGE and h a em ag g lu t in a tio n  
tes ts )  caused agglu tination  of sheep and horse erythrocytes a t  t i t r e s  of 64 
and 1024, respec tive ly , and was reduced by a t  l e a s t  80% by a l l  th re e  
treatments.
(g) The r e a c t io n  o f  KQQ and th e  an ion ic  adhesin  w ith  b rush  b o rd e rs  o f  the  
ca lf .
Anionic ad hesin  i n h ib i t e d  adhesion of th e  K99“ Li. c o l i  B41 to  brush 
borders by more than  9 0 % ( l e s s  than 1 b ac te r iu m /b ru sh  bo rd er ,  a r e a c t io n  
comparable to  t h a t  seen w ith  E. c o l i  K12), but d id n o t i n h i b i t  adhesion  of 
K99+ E. c o l i  B41 or E. c o l i  K12 K99 to  brush borders . R a d io la b e l le d  a n io n ic  
adhesin reacted with adhesive brush borders with a binding r a t i o  of three , but 
did not rea c t  with non-adhesive brush borders. In co n tra s t  rad io lab e lled  K99 
from Et c o l i  K12 reacted with adhesive brush borders with a binding r a t i o  of 
less  than 2 , which was not considered s ign ifican t.
U nlabelled  K99 was unable to  prevent adhesion of KQQ+ E. c o l i  B41 or E. 
coli K12 K99 to  brush borders. j k  co li K12 did not adhere to  brush borders.
(h) Electron microscopic and chromatographic charac te r isa tion  o f  KQQ and the 
anionic adhesin.
In separate  experiments, analysis by SDS-PAGE and haemagglutination t e s t s  
indicated th a t  the anionic adhesin and K99 from jk  c o li  K12 K99 e lu ted  from a 
sepharose 4BCL column in  th e  void volume. This in d ic a te d  t h a t  t h e i r  
re sp e c t iv e  s u b u n i ts  were assem bled in to  s t r u c tu r e s  of MW g r e a t e r  than  20 x 
106.
E lec tronm icrographs of n eg a t iv e ly  s ta in e d  frag m en ts  o f  agar which 
c o n ta in e d  e i t h e r  th e  c a t i o n i c  o r  a n i o n i c  p r e c i p i t i n  l i n e s  i n  
immunoelectrophoresis gels of c e l l - f r e e  K99 from jk  c o l i  B41 and a n t i  serum to 
K99, con ta ined  p a r a l l e l  s ided  p rocesses su g g e s t iv e  of f im b r ia e  (F ig . 1 1 ). 
Those in the  ca tion ic  l in e  were approximately 6nm in diameter and those in  the 
anionic l in e  approximately 4nm in diameter.
Figure 11 E l e c t r o n m i c r o g r a p h s  o f  n e g a t i v e l y  s t a i n e d  f r a g m e n t s  o f  
a g a r  which  c o n t a i n e d  p r e c i p i t a t e s  f rom i m m u n o e l e c t r o p h o r e s i s  
o f  a  K99 p r e p a r a t i o n  o f  E s c h e r i c h i a  c o l i  B41 and a n t i s e r u m  
t o  K99
A. C a t i o n i c  p r e c i p i t i n  l i n e
B. A n ion ic  p r e c i p i t i n  l i n e  
Bar marker  r e p r e s e n t s  lOOnm
Electron micrographs of negatively stained K99 prepared from j k  c o li  K12 
K99 conta ined  many p a r a l l e l  s ided  p ro cesses  of f im b r ia e  w ith  a d iam ete r  o f 
approximately 6nm and are in agreement with the s truc tu re  seen in  fragments of 
cationic l in e  in  immunoelectrophoresis. E lec tron  m icrographs of n e g a t iv e ly  
s ta in e d  p re p a ra t io n s  of an io n ic  adhesin  rev ea led  both long p a r a l l e l  s ided  
processes , ap p rox im ate ly  3 nm in  d iam ete r  (F ig . 12b) and s i m i l a r  in  s iz e  to  
s t r u c tu r e s  in  im m unoe lec trophores is  g e ls ,  and a subs tance  w ith  i r r e g u l a r  
morphology which predominated (Fig. 12a). I f  the  a n io n ic  a d h es in ,  in  i t s  
n a tiv e  form has a t ru e  f im b r ia l  s t ru c tu re ^  as seen in  some e le c t ro n  
m icrographs, th e  r e s u l t s  of e ry th ro c y te  adhesion and brush  border t e s t s  
suggest t h a t  t h i s  s t r u c tu r e  may not be necessary  fo r  i t s  p o s s ib le  in  v ivo 
function as an adhesin.
( i )  C h a r a c te r i s a t io n  o f  the  r e c e p to r  fo r  the  an io n ic  ad hes in  on sheep 
ervthrocvtes.
Experience rev e a le d  t h a t  th e  adhesive  a c t iv i t y  o f brush  b o rd e rs  was 
unstab le .  Brush b o rders ,  t h e r e f o re ,  would be u n s u i ta b le  a s  a s t a r t i n g  
material for the ch arac te risa tion  of the receptor fo r the anionic adhesin even 
though they would be l ike ly  to  resemble the in vivo receptor. The s t a b i l i ty  
of adhesion of sheep erythrocytes to  the anionic adhesin a t  37°C indicated  the 
potentially  close re la tio n sh ip  th e i r  receptor bore to  an in vivo receptor and 
i n d i c a t e d  t h e i r  s u i t a b i l i t y  as a s t a r t i n g  m a t e r i a l  f o r  r e c e p t o r  
charac terisa tion  s tu d ie s .
The in c lu s io n  of D -g a lac to se , D-fucose, L -g lucose , D -glucosam ine HCL, 
/ e r y th r y to l ,  D-melobiose, D-mannosamine HCL, N acetyl galactosamine, L-fucose, 
L-mannose, D-lyxose, stachyose, gentiobiose, palatinose, Nacety1-glucosamine, 
D-arabinose, trehalose, cellobiose, fructose, maltose, lac to se , sucrose or D- 
mannose a t  a f i n a l  c o n c e n t r a t i o n  o f  0 . 5 % w/v d id  n o t  a f f e c t  th e  
haem agg lu tin a tion  of sheep e ry th ro c y te s  by the  a n io n ic  a d h es in . N-ace.tyl 
g a la c to s a m in e  HCL, how ever, p roduced  a t r a c e  of i n h i b i t i o n  o f  th e  
haemagglutination reaction. This r e s u l t  was reproduced tw ice .  Pronase and 
t ry p s in  t r e a tm e n t  of sheep e ry th ro c y te s  n e i th e r  enhanced or reduced t h e i r  
a g g lu t in a b i l i t y  by the  a n io n ic  adhesin . SDS-PAGE of c o n t r o l s  re v e a le d  
complete d ig e s t io n  of bovine serum albumin by pronase and a u to d ig e s t io n  by 
t r y p s i n .  N e i th e r  an e x t r a c t  o f  l i p i d / g l y c o l i p i d  nor an e x t r a c t  o f  
g ly co p ro te in  of sheep erythrocyte membranes shovred any inhibitory effect on
the agglutination of sheep erythrocytes by the anionic adhesin.
F i g u r e  12.  E l e c t r o n m i c r o g r a p h s  o f  n e g a t i v e l y  s t a i n e d  a n i o n i c  a d h e s i o n  
formed i n  30% s a t u r a t e d  ammonium s u l p h a t e  p r e c i p i t a t e s  
o f  c e l l  e x t r a c t s  f rom a K99 v a r i a n t  o f  E s c h e r i c h i a  c o l i  
B41.
B
A. I r r e g u l a r  s t r u c t u r e s .
B. F i m b r i a e  l i k e  s t r u c t u r e s .  
Bar m arker  r e p r e s e n t s  lOOnm.
This r e s u l t  indicated th a t  part of the anionic adhesin receptor on sheep 
erythrocytes included a moiety of N-acetyl galactosamine but the treatments 
adopted in  ex trac tions  may have destroyed an otherwise complex receptor s i te .  
The ex trac tion  procedures employed conditions in  which i t  was unlikely th a t  
enzymic degradation of the receptor s i t e  could have taken place.
( j) Ml examination of 08 KQQ4- Escherichia c o li  fo r  a functionally  equivalent 
anionic adhesin to  th a t  produced by 09 and 0101 E. c o l i .
C ell-free  ex tra c ts  of E*_ co li  SI3 and B117 were t rea ted  in  an iden tica l  
way to  th o se  from E. c o l i  B41 in  e ry th ro c y te  adherence experim ents . An 
exam ination  of the  s ta in e d  SDS-PAGE gel re v e a le d  t h a t  the  19000 MW 
p o ly p ep tid es ,  e q u iv a le n t  to  K99, adhered t o  e ry th r o c y te s  a t  4°C, were not 
removed by washing a t  4°C, but eluted a f te r  incubation a t  37°C. Examination 
of an autoradiograph of the same gel, however, revealed th a t  most polypeptides 
were rad io labelled  but K99 was not. Other polypeptides showed no evidence of 
adherence to  sheep erythrocytes.
These e x t r a c t s  when r a d io la b e l le d  using  th e  B olton-H unter reag en t 
produced the same r e s u l ts  with the exception th a t  K99 was iodinated by th is  
treatment. F ailure to radioiodinate by the chloramine T method indicated a 
lack of tyrosine in the K99.
Treatm ent of c e l l - f r e e  e x t r a c t s  w ith  c o n c e n tra t io n s  o f  ch loram ine T, 
potassium  io d id e  and sodium m e tab isu lp h a te ,  a t  c o n c e n tra t io n s  used in  the  
chloramine T method of radioiodination for more than 1h a t  room temperature, 
did not reduce the haemagglutination t i t r e  to  sheep erythrocyte s.
The K99 of E. c o l i  S13 and B117 appeared to  d i f f e r  from E. c o l i  B41 by 
/ a n  ap p aren t la c k  of ty ro s in e  in  i t s  primary s t r u c tu r e .  In  i t s  i n t e r a c t i o n  
w ith  sheep e ry th ro c y te s ,  however, i t  behaved i d e n t i c a l l y  to  t h a t  of E. c o l i  
B41 and so was unaffected by a d ifference in  tyrosine content.
D esp ite  th e  lac k  of success in  th e  d e te c t io n  of e q u iv a le n ts  o f the  
an ion ic  adh es in  from 08 E. c o l i  in  e ry th ro c y te  adhesion  exp erim en ts  the  
re s u l ts  of SDS-PAGE gels  revealed a number of polypeptides roughly equivalent 
to  the  a n io n ic  adhesin  in  term s of su b u n it  MW. The p o s s i b i l i t y  t h a t  th ese  
p o ly p ep tid es  were e q u iv a le n t  to  th e  an io n ic  adhesin  only w ith  re s p e c t  to  
adhesion to  brush borders could not be excluded.
Growth of E. c o l i  B117 in  n u t r ie n t  b ro th  a t  37°C fo r  18 h fo llow ed  by 
se r ia l  d ilu tion  and spread p la ting  on TGXA medium yielded a small proportion 
of acapsu lar  v a r i a n t s  one of which was se le c te d  fo r  f u r t h e r  t e s t s .  The 
v a r i a n t  a g g lu t in a te d  in  an tise ru m  to  E. c o l i  K12 K99 and E. c o l i  B41 and so 
re ta in e d  th e  a b i l i t y  to  produce K99. A K9 9 ” v a r ia n t  was then  s e le c te d  and 
iso lated  from the acapsular jk  c o l i  B117 with an iden tica l  method to  th a t  used 
w ith  j k  c o l i  B41. Exam ination of th e  acap su la r  j k  c o l i  B117 grown in  
an tiserum  to  Ik  c o l i  K12  K99 produced a v a r i a n t  unable t o  a g g lu t in a t e  in  
an tiserum  to  E. c o l i  K12 K99 bu t which a g g lu t in a te d  in  an tise ru m  to  E. c o l i  
B117. Comparison of c e l l - f r e e  e x t r a c t s  of b a c te r ia  c o n ce n tra te d  by 9 0 % 
sa tu ra te d  ammonium su lp h a te  revea led  an absence of a 19,000 MV7 polypeptide 
from the K99” a c a p su la r  E. c o l i  B117 p re se n t  in  the  K99+ a c a p s u la r  E. c o l i  
B117- In a l l  o th e r  r e s p e c t s ,  in c lud ing  th re e  p o ly p e p t id e s  of a roughly 
equ iv a len t  MVJ to  th e  a n io n ic  adhesin  of E. c o l i  B41, th e  two a c a p s u la r  
s t r a in s ,  of E. c o l i  B117 appeared id e n t i c a l  (Fig. 13). Brush border t e s t s ,  
however, revea led  t h a t  the  K99+ a ca p su la r  Ik  c o l i  B117 adhered s t ro n g ly  
(equivalent to  th a t  seen with j k  co li  B41), the capsular parent adhered poorly 
(fa iled  to  agglutinate  brush borders although bacteria  were attached to  brush 
border membranes) and the K99” acapsular jk  co li  B117 did not adhere to  brush 
borders (eq u iv a le n t  to  t e s t s  w ith  E. c o l i  K12). The p re p a ra t io n  of brush  
borders invo lves  th e  r ig o ro u s  removal of la rg e  amounts o f mucus. The 
possib ili ty  th a t  polypeptides produced by the K99” acapsular Ik  c o l i  B117 are 
involved in  adherence to  a mucus l a y e r  covering v i l l i  and brush bo rd er  
membranes of i le a l  enterocytes was examined by t e s t s  of adherence to  iso la te d  
v i l l i  prepared by a re la t iv e ly  gentle  method. The r e s u l ts  of th i s  t e s t  were 
equ iva len t to  the brush border adhesion t e s t s .  The K99+ a c a p s u la r  E. c o l i  
B117 adhered to  the v i l l i  in a continuous layer over brush border membranes 
as did E. c o l i  B41. The K9Q~ a c a p su la r  E. c o l i  B117 and E. c o l i  K12 d id  not 
adhere to  the v il lo u s  surface (Fig. 14). ' The adherence o f  j k  c o l i  B117 in  
v i t ro  depended on K99 alone. Equivalent molecules to  the  anionic adhesin are  
not produced by these 08 K99+ Ik  co li  and the capsule of Ik  c o l i  B117 appeared 
to  in te rfe re ' with adherence caused by K99.
(k) Evidence of antigenic v a ria tion  between KQQ from Escherichia c o l i  B41 and 
B117.
The apparen t d i f f e r e n c e  in  ty ro s in e  con ten t  of K99 a n t ig e n s  of E. c o l i  
B117 and B41 suggested the p o ss ib i l i ty  of antigenic v a r ia t io n  as a r e s u l t  of
F i g u r e  13. SDS-PAGE a n a l y s i s  o f  p o l y p e p t i d e s  i n  c e l l  e x t r a c t s  o f
E a s h e r i c h i a  c o l i  B117 and a K99 o f  E s c h e r i c h i a  c o l i  B117.
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F i g u r e  14. P h o t o m i c r o g r a p h s  o f  p h a s e  c o n t r a s t  o b s e r v a t i o n s  o f  a d h e s i o n  
o f  an  a c a p s u l e r  E s c h e r i c h i a  c o l i  B117 t o  i s o l a t e d  i l e a l  
v i l l i .
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A. K99+ a c a p s u l a r  E s c h e r i c h i a  c o l i  B117.
B. K99 a c a p s u l a r  E s c h e r i c h i a  c o l i  B117, 
M a g n i f i c a t i o n  e q u i v a l e n t  t o  600X.
differences in primary s truc tu re .
Suspensions of E. c o l i  B41 and B117 t i t r a t e d  a g a in s t  a f ix e d  amount of 
radiolabelled antibody to  K99 in the IRA reacted in  a sigmoidal fashion which 
could be seen in  a p lo t  of number of b a c te r i a  a g a in s t  bound an tibody  or 
binding r a t i o  (BR). The bottom end of the  sigmoid would be caused by a 
l im i te d  amount of a n t ig e n  and th e  top end by a l im i te d  amount of an tibody . 
The curve between the upper and lower l im itin g  conditions would e ffec tive ly  be 
a s tra ig h t l ine . The gradient of the l in e  might represent the  a f f in i ty  of the 
antibody for K99.
An IRA was carr ied  out on four seperate occasions with log -jq increases 
in number of E. c o li  B41 and B117 with seperately radioioainated preparations 
of anti-K99 antibody (on th ree  occasions two rep l ica te s  of each concentration 
of b a c te r ia  were used and on the  fo u r th ,  f iv e  r e p l i c a t e s  were used). An 
analysis of variance showed th a t  on a l l  four occasions the grad ien t of number 
of bacteria against BR fo r  E. c o li  B41 was steeper than th a t  fo r  Ik  c o l i  B117 
(p < 0.01; F ig .15). On th e  l a s t  occasion  th e  a ca p su la r  E. c o l i  B117 was used 
to control the possib le  e ffec t  of a capsule on the a f f in i ty  of the antibody 
fo r  f im b riae . The p o s s i b i l i t y  t h a t  t h i s  r e s u l t  was an a r t i f a c t  of th e  
antibody preparation was examined when antiserum to  immunoelectrophoretically 
p u r i f ie d  K99 from E. c o l i  K12 K99 prepared  in  a d i f f e r e n t  r a b b i t  was used in  
an IRA. An analysis  of variance showed th a t  -in th is  experiment the g rad ien t of 
number of b a c t e r i a  a g a in s t  BR was s te e p e r  fo r  Jk  c o l i  B41 than  f o r  E. c o l i  
B117 a t  the p equaled 0 .0 5 6  l e v e l  which approached the  a r b i t r a r y  l e v e l  o f  
s t a t i s t i c a l  significance  of p<0.05.
A polyclonally derived mixture of immunoglobulin, such as immune ra b b i t  
se ra ,  would probably c o n ta in  a n t ib o d ie s  t h a t  r e a c t  w ith  d i f f e r e n t  d i s t i n c t  
a n tig en ic  d e te rm in a n ts  on th e  same a n tig en . Myoglobin which has a MVJ of
17,000 has f ive  d i s t in c t  antigenic determinants (Atassi, 1975). The subunit 
of K99 has a MW of 19,000 and th e r e f o re ,  may have two or more a n t ig e n ic  
determinants. Polyclonally derived antibodies th a t  reacted w ith a l l  of the 
antigenic determinants of K99 would produce a steeper gradient in  the  IRA than 
an tib o d ie s  t h a t  r e a c te d  w ith  l e s s  than a l l  because more an tibo dy  would be 
bound per su b u n it  of K99. In t h i s  experim ent an tise rum  was produced to  th e  
K99 of the E«coli K12 transconjugate ofgxoJiB41and probably contained an tibodies  
to  a l l  of th e  a n t ig e n ic  d e te rm in a n ts  of K99 produced by j k  c o l i  B41. 
Consequently the steeper gradient of number of bacteria  aga inst BR fo r  E. c o l i  
B41 than fo r  E. c o l i  B117 in d ic a te d  t h a t  th e  a n t ig e n ic  d e te rm in a n ts  o f  K99
Figure 15: The reaction of antibody to the K99 of E. coli B41 with
E. coli B41 and B117 in an immunoradiometric assay.
10
6
*  2 O ' * -
cn
c
• o
c
“ 10
A "i i i
□  E.coli  B41 D  
. o » L c ^ ^  _
°  ^  B "
1 1 r—l x—\ f
'  . C ' “
j ---------------- 1------ ---------- u
■■■■□” o  
V -
I 1 1
8 9 7 8
Number of  viable bacteria (log )
Regression
A. E. coli 
E. coli
B. E. coli 
E. coli
C. E. coli 
E. coli
D. E. coli 
E. coli
analyses.
B41, BR = -18.73 + 3.415 Log10 Number of bacteria 
B117, BR = -8.918 + 1.795 log1Q Number of bacteria
B41, BR = -17.52 + 3.145 log10 Number of bacteria 
B117, BR = -11.426 + 2.175 log1Q Number of bacteria
B41, BR =-5.514 + 1.351 log^g Number of bacteria 
B117, BR = -2.331 + 0.85 log^Q Number of bacteria
B41, BR = -45.82 + 8.766 log^Q Number of bacteria 
B117 BR = -33.58 + 6.976 lo Number of bacteria
from these bacteria  were not id en tica l.
Double immunodiffusion with antiserum of c o l i  K12 K99 (absorbed with 
E. c o l i  K12) and e x t r a c t s  o f  E. c o l i  1341 or B117 produced one l in e .  When th e  
antiserum and two antigens were placed in eq u ila te ra l ly  spaced w ells  a l in e  of 
i d e n t i ty  formed w ith  no evidence of a spur. This r e s u l t  in d ic a te d  t h a t  th e  
IRA may have been s u f f i c i e n t l y  s e n s i t i v e  to  d e te c t  f in e  d i f f e r e n c e s  in  
antigenic s truc tu re  undetectable by immunodiffusion. I t  i s  possible th a t  not 
a l l  a n t ib o d ie s  t h a t  r e a c t  in  a primary i n t e r a c t i o n  assay , l ik e  th e  IRA, a re  
a lso  a g g lu t in in s  (Minden and F a r r ,  1978). Consequently the  two t e s t s  of 
antibody/antigen reactions are not d irec tly  comparable.
(1) Detection of the anionic adhesin by. an immunoradiometric assay
Antibody (IgG) from an tise ra  to  the  K99” varian t of E. c o li  B41 absorbed 
w ith  b a c te r i a  grown a t  18°C was ra d io io d in a te d  and used in  an IRA w ith  18°C 
grown K99" JL c o l i  B41, 3 7 °C grown K99" c o l i  B 4 1 E .  c o l i  B41M, -HM431, 
HM1676, HM1751,S210 andS2l8 resuspended to  approximately 1C>9 bacteria /m l. The 
K99” E. c o l i  B41 grown a t  1 8 °C and E. c o l i S210 had a b ind ing  r a t i o  of l e s s  
than 1.5 which was not considered  s i g n i f i c a n t .  The rem ain ing  E. c o l i  had a 
binding r a t io  of 2 .0  -  2.5 which indicated the presence of the anionic antigen 
of E. c o l i  B41 on the  3P” s t r a i n s  of Dr. H. Moon (Moon e t  a l . ,  1980).
Section  £, P e te c t io n T P u r i f i c a t i o n  and C h a ra c te r is a t io n  o f  a Heat and 
Mannose Resistant Haemagglutinin Produced bv Escherichia co li  B41.
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A. Methods.
The methods in Section 1 were used in  addition to  those described below. 
Preparation of bacteria  fo r experimental infections.
Bacteria were grown on TGX agar a t  37°C for I 8h, harvested and resuspended to
a co n ce n tra t io n  e q u iv a le n t  to  Browns o p a c i ty  tube  No.4. These su sp e n s io n s  
contained 109 + 10?' colony forming u n i ts  per ml. When inocula containing more 
than 109 bacteria  were required the b a c te r ia l  suspensions were centrifuged  a t  
2000g for 15 min and resuspended to  1ml. Inocula were passed in to  gno tob io tic  
iso la to rs  in hermetically sealed v ia ls .  The inoculum was always given o ra l ly  
immediately a f te r  the calves feed.
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Faecal dry weights. The dry weight of faeces was calculated as a percentage 
from the weights of faeces before and a f te r  heating in an oven a t  70°C fo r  4d. 
P repara tion  o f  g n o to b io t ic  c a lv e s  f o r  experim enta l i n f e c t io n  w ith  KQQ+ 
Escherichia c o l i ,
G notobio tic  c a lv e s  were d e riv ed  by th e  methods of Dennis e t  a l .  (1976) and 
Dennis and Wheelock (1978).
Calves were obtained by hysterectomy and reared in a f ib re  g lass  tank which 
was sealed to  a polyvinyl chloride canopy, fed s t e r i l e  f i l t e r e d  a i r ,  and kept 
^  under a positive  pressure with respect to  the atmosphere. The iso la to r  base 
was p re -s te r i l ise d  by dry heat a t  160°C for 2h and the assembled iso la to r  by a 
spray of 2% p e ra c e t ic  a c id .  S up p lies  of food, water and equipm ent were 
introduced and faeces and blood withdrawn through an a i r  lock made of r ig id  
„PVC and sprayed with peracetic  acid. Calveswere fed on tinned evaporated milk 
d i lu te d  in  an equal volume of s t e r i l e  tap  w ater  which con ta ined  a m inera l 
supplement.
Mecropsv and microscopy of experimentally infected calves.
Necropsy and microscopic examinations were carried out by Dr. G. Hall who 
used th e  fo l lo w in g  method. T issu es  fo r  microscopy were removed under 
pentabarbitone sodium anaesthesia (Sagatal, May and Baker Ltd.). Short lengths 
(0 . 1 .M) of sm all  i n t e s t i n e  were s u p r a v i ta l ly  f ixed  when l i g a t e d  and f i l l e d  
^ " w i t h  mercuric formal a t  nine s i t e s  referred  to  as small in te s t in e  (S.I.) 1-9
5.1. 1 was sampled c lo s e  to  th e  l igam en t of T re i tz  (mean 6.5% o f sm a ll  
i n t e s t i n a l  le n g th ;  range 4.1 -  12.5%) and SI 9 a d ja ce n t  to  th e  i le o c o e a l  
ju n c t io n  (mean 97.3% o f sm a ll  i n t e s t i n a l  len g th ;  range 95.2 -  98.7%). S i t e s
5.1. 2 to  S.I. 8 were spaced as  equally  as p o ss ib le  between s i t e s  1 and 9. 
Where a p p lic a b le ,  a t  s i t e s  1, 5 and 9 s im i l a r  le n g th s  o f  i n t e s t i n e  were
. l i g a t e d  and f i l l e d  with 0.1M phosphate buffered 3% glutaraldehyde, pH 7.3. A 
le tha l  dose of anaesthetic  was given and the small in te s t in e  removed from i t s  
mesentery. Each l i g a t e d  le n g th  of i n t e s t i n e  which con ta ined  f i x a t i v e  was 
removed and immersed in the  re levant f ixa tive . The in te r  s i t e  lengths were 
measured to  o b ta in  the  p re c is e  p o s i t io n  of each s i t e .  I n t e s t i n a l  w a l l  and 
c o n ten ts  a d ja c e n t  to  l i g a t e d  i n t e s t i n e  were sampled fo r  b a c t e r i o l o g ic a l  
examination. Where applicable, samples of blood, b i le  and m esenteric lymph 
node adjacent to  SI 9 were taken in early necropsy examinations a f t e r  the c a l f  
i n t e s t i n e s  had been l i g a t e d  bu t in  l a t e r  necropsy ex am in a tio n s  under
anaesthesia before any other procedure.
Ind irec t immunoperoxidase s ta in ing  of sections of alimentary t r a c t  of ca lves .
A n tise ra  to  K99 p u r i f i e d  by im m unoelectrophoresis  (S ec tion  1), t o  th e  
anionic adhesin pu rif ied  from E,. c o li  B41 (Section 1) and to  the polypeptides 
of MW 49,500 and 48,000 were produced by in jection  of 200 ug of antigen in  2ml 
of Freunds incomplete adjuvant subcutaneously in to  a rabb it. The same dose of 
antigen, in iso ton ic  sa l in e , was in jected  in t ra  venously four weeks l a t e r  and 
rabbits  were bled a f te r  a fu r th e r  10d.
Immunoperoxidase s t a in in g  was k ind ly  done by Mr. K. Parsons. S e c tio n s  
were dewaxed with xylene and hydrated and mercuric chloride was removed with 
Grams iod in e  and sodium th io s u lp h a te .  Endogenous peroxidase was inh ib ited  
w ith  0.01 M p e r io d ic  ac id  in  d i s t i l l e d  w ater  fo r  10 min fo llow ed  by 0.003M 
sodium borohydride in d i s t i l l e d  water for 30 min .. Sections were trea ted  with 
20% non-immune swine serum f o r  10 min . Serum was d ra ined , but n o t  washed 
from sections. Sections were then incubated with primary an tise ra  d ilu ted  to  
optimal concentrations fo r 120 min a t  20°0  before incubation with an excess of 
swine a n t i - ra b b i t  IgG. Sections were then incubated with rab b it  peroxidase 
an ti peroxidase (PAP; Dakopatts, Copenhagen, Denmark). After 1h sec tions were 
incubated for 4 min with 0.05% (w/v) 3, 31 diamino-benzidine te trahydroch lo ric  
acid (Koch-Light) to  which freshly prepared 0.01% (v/v) hydrogen peroxide was 
added. S ec tio n s  were then washed in  running tap  w ater  fo r  5 min and 
c o u n te rs ta in ed  b r i e f l y  in  G i l l s - 3  haem atoxylin  b lue , dehydrated  in  graded 
a lco h o ls ,  c leaned  and mounted in  DePeX (Gurr). Unless o th e rw is e  s t a t e d ,  
sections were incubated a t  20°C and between stages washed with three  changes 
of PBS.
B. Results and Discussion.
(a) Detection of a mannose r e s i s t a n t  haemagglutinin produced by E. c o l i  B41 
d is t in c t  from the KQQ or anionic antigen.
Whilst attempting to  purify the anionic adhesin, increasing amounts of 
ammonium sulphate were added to  a c e l l - f re e  ex trac t  of the K99" E^  c o l i  B41 to  
g ive a 10%, 20%, 30%, 38%, 45% and 70% s a tu r a t io n .  A n a ly s is  o f  th e  
p r e c i p i t a t e s  w hich  fo rm ed  a f t e r  15min a t  4°C u s in g  SDS-PAGE and 
haem agg lu tina tion  t e s t s  rev e a le d  a d i s p a r i ty  between th e  d i s t r i b u t i o n  of 
haem agglu tin in  fo r  sheep e ry th ro c y te s  and th e  34,000 MW p o ly p ep tid e  of th e
anionic adhesin (Fig. 16). Greater than 80% of the haemagglutinin for horse 
erythrocytes was associated with the 34,000 MVJ polypeptide th a t  p rec ip ita ted  
a t  38% sa tu ra tion . The haemagglutinin for sheep erythrocytes appeared to  be 
associated with two polypeptides of MVJ 49,500 and 48,000 which p rec ip ita ted  a t  
a l l  concentrations of ammonium sulphate but mostly a t  30% and 70% sa tu ra tion .
(b) Purif ica tion  of a haemagglutinin associated with polypeptides o f  MW 4QT500 
and 48.000.
The wide d i s t r i b u t i o n  of the  49,500 and 48,000 MW p o ly p e p t id e s  in  th e  
d i f f e r e n t  f r a c t i o n s  was probably caused by p r e c i p i t a t i o n  a t  the  s u r f a c e  of 
ammonium sulphate c ry s ta ls  and fa i lu re  to  red isso lve  a f te r  mixing fo r  15 min. 
A c e l l - f r e e  e x t r a c t  of the  K99" E. c o l i  B41 s a tu r a te d  t o  30% w ith  ammonium 
sulphate and l e f t  for 24h a t  4°C developed a p re c ip ita te  which contained the
34.000 MW p o ly p ep tid e  as the  only p ro te in  (see p rev io us  s e c t io n ) .  The 
su pe rna tan t  f r a c t i o n  from t h i s  p re p a ra t io n  was then  s a tu r a t e d  to  45% w ith  
ammonium sulphate and l e f t  fo r  2h a t  4°C. The p re c ip i ta te  which formed was 
removed by c e n t r i f u g a t io n  (2 0 ,0 0 0 g, 10 min) r e d is s o lv e d  in  and d ia ly se d  
a g a in s t  PBS and, fo l lo w in g  c e n t r i fu g a t io n  (20,000g, 10 min), co n ta in e d  95% 
p ro te in  and 5% carb o h y d ra te  ( f in a l  y ie ld  o f  2 .2 5  mg from 50g w et wt. of 
bacteria). SDS-PAGE revealed two c lo se ly  spaced p o ly p e p t id e s  o f  49,500 and
48.000 MW (Fig. 17). M olecular w eigh ts  were a mean f i g u r e  from f iv e  g e ls .  
Incubation of the c e l l - f r e e  ex trac t saturated to  45% with ammonium sulphate 
fo r  longer than 2h led  to  lower y ie ld s  o f th e  49,500 and 48,000 MW 
p o ly p e p t id e s  (p ro b a b ly  b ecau se  they  r e d i s s o l v e d )  and u se  o f  h i g h e r  
c o n c e n t r a t i o n s  o f  ammonium s u lp h a te  l e d  t o  p r e c i p i t a t i o n  o f  o t h e r  
po lyp ep tides , p o ss ib ly  no t a s so c ia te d  w ith  h a em ag g lu t in a tio n  of sheep 
e ry th ro c y te s .  Double imm unodiffusion of the 45% sa tu ra ted  p re c ip i ta te  with 
anti serum to  E*. c o l i  B41 gave a single p rec ip it in  l in e .
(c) Haemagglutination caused bv thepdvpeptides of MW 4Q.500 and 48T000.
A s o lu t io n  o f  35ug/ml of the  49,500 and 48,000 MVJ p o ly p e p t id e s  
ag g lu t in a te d  sheep e ry th ro c y te s  to  a t i t r e  of 1024, but d id  n o t  a g g lu t i n a t e  
horse or guinea pig erythrocytes. The haemagglutinin eluted a f t e r  30 min a t  
37°C. I t  was r e s i s ta n t  to  prior treatment by heating to  100°C fo r  30 min and 
to the action of formaldehyde and trypsin. SDS-PAGE of haemagglutinin trea ted  
w ith  t r y p s in  rev e a le d  t h a t  the  t ry p s in  a u to d ig e s te d  a f t e r  1 h; w h i l s t  th e
49,500 and 48,000 MW p o ly p ep tid es  and t i t r e  of sheep h a e m a g g lu t in in  were
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A. SDS-PAGE a n a l y s i s
1 2 3 4 5 6
49500 
48000
34000  —
A g g l u t i n a t i o n  o f  h o r s e  and s h e e p  e r y t h r o c y t e s .
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E  5121- □ o,H orse
erythrocytes
256
128
F r a c t i o n 10% s a t u r a t e d  ammonium s u l p h a t e  p r e c i p i t a t e  
s e b s e q u e n t  20% "
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F i g u r e  17. SDS-PAGE a n a l y s i s  o f  p a r t i a l l y  p u r i f i e d  a g g l u t i n i n  o f  s he ep
b u t  n o t  h o r s e  e r y t h r o c y t e s  f rom a K99 v a r i a n t  o f  E. c o l i  B41.
1 2  3 4
49500
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Lane 1: M o l e c u l a r  w e i g h t  s t a n d a r d s .
Lane 2: A c e l l  e x t r a c t  o f  E. c o l i  B41.
Lane 3: A 30% ammonium s u l p h a t e  f r a c t i o n  o f  a  c e l l  e x t r a c t  f rom t h e  
K99" E. c o l i  B41 .
Lane 4:  A s u b s e q u e n t  45% ammonium s u l p h a t e  f r a c t i o n .
unaffected. The haemagglutinin was unable to  agg lu tinate  guinea pig or bovine 
e ry th ro c y te s .  The haem agg lu tin in  was a lso  unable to  a g g lu t in a t e  horse  or 
sheep erythrocytes a t  37°C in  the absence of D-mannose.
A n tise ru m  t o  th e  49 ,500  and 48 ,000 MVJ p o l y p e p t i d e s  i n h i b i t e d  
haemagglutination a t  a t i t r e  of 64, whereas the  same antiserum did not in h ib i t  
haemagglutination by the anionic adhesin. Antiserum to  the anionic adhesin 
in h ib i te d  a g g lu t in a t io n  of sheep e ry th ro c y te s  caused by both  th e  an io n ic  
adhesin and th e  49,500 and 48,000 MVJ p o ly p ep tid es  a t  t i t r e s  o f  128 and 128 
re s p e c t iv e ly .  Normal r a b b i t  serum, however, was e q u a l ly  in h ib i to r y  to  
haemagglutination by the 49,500 and 48,000MW polypeptides but did not a ffec t  
haemagglutination by the anionic adhesin. Thus the in te ra c t io n  between normal 
rabbit serum and antiserum to  anionic adhesin with the 49,500 and 48,000 MW 
polypeptides was probably not due to  specif ic  antibody. This was supported by 
the fa c t  th a t  antiserum to  the anionic adhesin and normal ra b b i t  serum gave no 
l in e  of p r e c i p i t i n  in  im m unodiffusion t e s t s  uiith th e  49,500 and 48,000 MW 
polypeptides.
(d) E f fe c t  o f  c u l t u r a l  c o n d it io n s  on production  o f  th e  p o ly p e p t id e s  o f  MW
49.500 and 48.000.
SDS-PAGE of e x t r a c t s  o f  the  K99” E. c o l i  B41 grown a t  18°C rev e a le d  th e
49.500 and 48,000 MVJ p o ly p ep tid es ,  but not the  34,000 MW a n io n ic  adhesin . 
Since absorption of antiserum to  E*. c o li  B41 with b ac te r ia  grown a t  18°C did 
not remove the anionic l in e  in  immunoelectrophoresis the 49,500 and 48,000 MW 
polypeptides were presumably an tigenically  d if fe re n t  from the anionic adhesin.
Haemagglutination t e s t s  on freshly  grown bac te ria  revealed th a t  the K99” 
E. c o l i  B41 d id  n o t produce a h e a t  and mannose r e s i s t a n t  h aem ag g lu tin in  fo r
sheep erythrocytes when grown on blood agar a t  18°C or 37°C. However i t  did
produce a heat sensit ive , mannose r e s i s ta n t  haemagglutinin of horse and sheep 
e ry th ro c y te s  when grown on blood agar a t  37°C. SDS-PAGE a n a ly s i s  of a c e l l -  
f r e e  e x t r a c t  from the  K99~ E. c o l i  B41 grown on blood ag ar  a t  3 7 °C f o r  I 8 h
r e v e a le d  t r a c e s  o f  3 4 ,0 0 0 , 48,000 and 49 ,500  MVJ p o l y p e p t i d e s .
Haemagglutiation t e s t s  with th is  frac tion  showed the  presence of both a heat 
s e n s i t iv e  h o rse  haem agg lu tin in  and a h e a t  r e s i s t a n t  sheep h aem agg lu tin in . 
Thus, the f rac tio n a tio n  procedure presumably concentrated the  heat r e s i s ta n t  
haemagglutinin, which was otherwise undetectable in unfractionated  bac te ria  
grown on blood agar.
(e) Reaction of the  polypeptides of MW 49.500 and 48.000 with brush borders 
of a c a l f .
The a d d i t io n  of 49,500 and 48,000 MW p o ly p e p t id e s  d id  n o t  prevent 
adhesion of th e  K99“ E. c o l i  B41, E. c o l i  B41 and E. c o l i  K12 K99 to  brush 
borders. Under these conditions adhesion was presumably caused by the anionic 
an tig en  or K99. However, n e i th e r  the  K99“ E. c o l i  B41 grown a t  18°C nor 
r a d io la b e l le d  49,500 and 48,000 MW p o ly p ep tid es  adhered t o  brush borders  
in d ic a t in g  t h a t  th e se  p o ly pep tid es  were no t invo lved  in  adhesion  to  brush 
border membranes of i le a l  enterocvtes in  v i t ro . E. c o li  B41 grown a t  18°C did 
not adhere to  iso la ted  v i l l i  of a ca lf .
(f) E le c tro n  m icroscop ic  and chrom atographic  c h a r a c t e r i s a t i o n  of the  
polypeptides o f MW 49/500 and 48 f000.
The 49,500 and 48,000 polypeptides and the associated haemagglutin eluted 
in  the  void  volume when ap p lied  to  a Sephrose 4BCL column. This in d ic a te d  
t h a t  e i t h e r  or both of the  49,500 and 48,000 MVJ p o ly p e p t id e s  could be 
aggregated  in  th e  haem agglu tin in  w ith  a MW of g r e a t e r  t h a t  20 x 10^. 
Electron micrographs of negatively stained haemagglutinin revealed a mass of 
long p a ra l le l-s id ed  processes of approximately 10nm in diameter which tended 
to  aggregate in a regular fashion (Fig. 18). Electromicrographs of the K99~ 
E. coliB41 grown a t  18°C revealed fimbriae which could not have been K99 or the 
anionic antigen (Fig. 19). Their morphological appearance was not consisten t 
with type 1 fim briae , which appear much s t ra ig h te r  and more r ig id ,  nor strands 
of polysaccharide which tend to  be of i r reg u la r  diameter and which separate 
and then coalesce.
(g) Production of heat r e s is ta n t  haemagglutinin by d i f fe re n t  E. c o l i .
All K12 E. c o l i  t e s te d  and E. c o l i  B41, B117, and S13 produced a mannose 
and heat r e s i s ta n t  haemagglutinin of sheep erythrocytes when grown a t  18°C and 
37°Ci -Em. c o l i  M2225 (987P+) and W1 (K88+) d id  not. E*. c o l i  K12 did not 
produce th e  haem agg lu tin in  when grown on blood agar a t  37°C. E lec tron  
micrographs of E. c o l i  B41, K99” B41, K12 K99, K12 and K12 C600 grown a t  18°C 
showed the presence of fimbriae (Fig. 19), whereas e lec tron  micrographs of W1 
and M2225 c u l tu r e d  a t  18°C did no t re v e a l  f im b r ia e .  SDS-PAGE of su r fa c e  
e x t r a c t s  from K12 K99, S13 and B117 rev ea led  a c o u p le t  of p o ly p e p t id e s  w ith  
molecular weights iden tica l  to  those in the haemagglutinin preparation (Fig. 
20).
F i g u r e  19. E lect ronm icrograph o f  n e g a t i v e l y  s t a i n e d  h e a t  r e s i s t a n t  
f i m b r i a l  h a e m a g g l u t i n i n  found  i n  45% s a t u r a t e d  ammonium 
s u l p h a t e  p r e c i p i t a t e s  o f  c e l l  e x t r a c t s  o f  a K99 
E s c h e r i c h i a  c o l i  B41.
The b a r  marker  r e p r e s e n t s  lOOnm
Figure 19. Electronmicrographs of shadow cast K99 Escherichia coli
B41 and K12 grown at 18°C.
A. K99 v a r i a n t  o f  E s c h e r i c h i a  c o l i  B41.
B. E s c h e r i c h i a  c o l i  K12.
The ba r  m arke r  r e p r e s e n t s  200nm. ■■■■
Figure 20. SDS-PAGE analysis of cell extracts from Escherichia coli
K12 K99, S13 and B117.
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Lane 1: E s c h e r i c h i a c o l i K12 K99 (30% SASP).
Lane 2: E s c h e r i c h i a c o l i K12 K99 (70% SASP).
Lane 3: E s c h e r i c h i a c o l i B117 (30% SASP).
Lane 4: E s c h e r i c h i a c o l i B117 (70% SASP).
Lane 5: E s c h e r i c h i a c o l i S13 (30% SASP).
Lane 6: E s c h e r i c h i a c o l i S13 (70% SASP).
Lane 7: M o le c u l a r  w e ig h t s t a n d a r d s .
SASP = s a t u r a t e d  w i t h  ammonium s u l p h a t e  p r e c i p i t a t e .
The heat and mannose re s i s ta n t  haemagglutinins of c o l i  K12 and K99“ E. 
c o l i  B41 were a n t ig e n ic a l ly  s im i l a r ,  s ince  an tise ru m  prepared  a g a in s t  th e
49,500 and 48,000 MVJ polypeptides gave a rapid reaction  in agg lu tia tion  t e s t s  
w ith  K99“ E. c o l i  B41 and E. c o l i  K12.
E. c o l i  K12 or goUB41 absorbed a g g lu t in in s  to  K99“ E*. c o l i  B41 and 
i n h i b i t e d  th e  a b i l i t y  of a n t i s e r u m  t o  form  a p r e c i p i t i n  l i n e  in  
immunodiffusion t e s t s  with p a r t ia l ly  purified  haemagglutinin. Autoradiography 
of SDS-PAGE an a ly se s  of the  p r e c i p i t i n  l i n e  between w e l ls  in  double 
immunodiffusion te s ts  containing radioiodinated haemagglutinin and antiserum 
to  l iv e  E,. c o li  B41 revealed the 49,500 and 48,000 MW polypeptides.
(h) C h a ra c te r is a t io n  o f  the  r e c e p to r  o f  the haemagglutinin associated with 
the polypeptide, of MW of 49.500 and 48.000.
Since t e s t s  did not rev e a l  adhesion of th e  49,500 and 48,000 MW
p o ly p ep tid es  to  brush borders c h a r a c t e r i s a t i o n  of t h e i r  r e c e p to r  on sheep
e ry th ro c y te s ,  i t  was hoped, might suggest a p o t e n t i a l  fu n c t io n  f o r  t h i s
haemagglutinin.
The in c lu s io n  of D-fucose, D-mannosamine HC1, N-acetylgalactosam ine, 
gentiobiose, palatinose, arabinose, cellobiose, fruc tose , maltose or sucrose 
in to  th e  haem agg lu tina tion  t e s t  b u f fe r s  i n h ib i t e d  a g g lu t in a t io n  of sheep 
e ry th ro c y te s  by the  49,500 and 48,000 MW p o ly p ep tid es .  The in c lu s io n  of D- 
g a la c to se ,  L -g lucose , D-glucosamine HC1, e r y t h r i t o l ,  D-m elobiose, D- 
g a lac to sam in e  HC1, L-fucose, L-mannose, D -lyxose , s tachy ose , N -ace ty l  
g lucosam ine, t r e h a lo s e  or f ru c to s e  f a i l e d  to  i n h i b i t  a g g lu t in a t io n  of 
e ry th ro c y te s  by these  p o lyp ep tides .  This r e s u l t  was reproduced tw ice . 
C om parison  o f  t h e  s t r u c t u r e s  o f  t h e  d i s a c c h a r i d e s  t h a t  i n h i b i t e d  
haemagglutination revealed th a t  hydroxyl groups a t  positions  1 and/or 4 were 
in the plane of the trans configuration of the ring s tru c tu res .  Examination 
of the s t r u c tu r e s  of the  m onosaccharides re v e a le d  the  same p a t te r n  bu t the  
s truc tu res  of the amino sugars did not and was probably due to  the influence 
of the amino group on the overall shape of the receptor.
Treatment of sheep erythrocytes with trypsin  and pronase did not a f fe c t  
haemagglutination which indicated a lack of protein  content in  the receptor. 
This was confirmed when a glycoprotein ex trac t  of sheep erythrocyte inh ib ited  
haemagglutination a t  a t i t r e  of 16 which was probably due to  contamination by
l i th iu m  d i io d o s a l  icy l a t e  used in. th e  p re p a ra t io n  of glycoprotein. Lithium 
diiodosalycylate (0.1 M) caused in h ib it io n  of haemagglutination a t  a t i t r e  of 
512 poss ib ly  by d en a tu r ing  th e  49,500 and 48,000 MW p o ly p ep tid es  or t h e i r  
receptor.
A l ip id /g ly c o lip id  ex trac t  of sheep erythrocytes inh ib ited  agglu tination  
of sheep erythrocytes a t  a t i t r e  of 64. This suggested th a t  the receptor was 
a g lyco lip id .
(i)  Production of the polypeptides of MW 49.500 and 48T000 by E. co li  B41 in 
vivo.
A g n o to b io t ic  c a l f  was o r a l ly  in o c u la te d  w ith  10^0 E. c o l i  B41 a t  4h of 
age. At I8h of age the c a lf  had watery diarrhoea (faecal dry weight was le s s  
than 5%) and faeces contained 2.8 x 10^ £*_ c o l i  B41/ml. Tissues were taken a t  
necropsy fo r  immunoperoxidase sta in ing. B acterio logical examination revealed 
th e  presence of 3.0 x 10® E. c o l i  B41 in  th e  mucosal sc rape  and c o n te n ts  of 
the lower ileum. Immunoperoxidase s ta in ing  of sections of lower ileum and 
colon rev ea led  th e  presence of b a c t e r i a  adheren t to  th e  mucosa s ta in e d  by 
antiserum to  K99, the anionic adhesin or antiserum to  the polypeptides of MW
49,500 and 48,000 (Fig. 21). Antiserum to  th e  p o ly p ep tid es  o f  MVJ 49,500 and 
48,000 was absorbed w ith  E. c o l i  B41 grown on blood agar on which i t  w i l l  be 
recalled, bac te ria  produced l i t t l e  heat r e s i s ta n t  haemagglutinin. In double 
immunodiffusion th i s  antiserum formed a p re c ip i ta te  with p u rif ied  polypeptides 
of MVJ 49,500 and 48,000 but not with purified  anionic adhesin or K99. Normal 
rabbit serum did not s ta in  sections of c a l f  alimentary t r a c t  when su b s ti tu ted  
fo r  s p e c i f i c  an tise rum  in an immunoperoxidase t e s t .  F im b ria l  s p e c i f i c  
an tiserum  did  not s t a in  b a c te r i a  in  s e c t io n s  of ileum  from a h e a l th y  
conventional c a l f  or of a p ig le t  infected with K88 EL c o l i .
-I'-nxo m i  sLaxnea Dy an immunoperoxidase method
with antiserum to K99, anionic antigen and the polypeptides 
o f  MW 4 9 , 5 0 0  and 4 8 , 0 0 0 .
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A. Ant i se rum t o  K99.
B. An t i se rum  t o  a n i o n i c  a n t i g e n .
C. An t i se rum  t o  p o l y p e p t i d e s  o f  MW 4 9 ,5 0 0  and 48 ,000 ,  
Bar marker  r e p r e s e n t s  20 m i c r o n s .
Section Assessment of an Immunoradiometric Assay for the Detection of K9Q 
Antigen in Faeces and Antibody to  KQQ in Serum and Colostrum.
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( a )  C o m p a r is o n  o f  t h e  s l i d e  a g g l u t i n a t i o n  t e s t  and 
immunoradiometric assay fo r  the  d e te c t io n  of K99 a n tig en  in  
faeces.
(b) Comparison of a tube agg lu tina tin  t e s t ,  an haemagglutination 
in h ib i t io n  t e s t  and a b lock ing  im m unoradiom etric assay fo r  
antibody to K99.
(c) The frequency of antibody to  K99 in paired sera  from calves.
A Methods.
Immunoradiometric assay fo r  K99. This t e s t  was performed as  d e sc r ib e d  in  
Section 1.
Haemagglutination inh ib it ion  t e s t . This t e s t  was performed as described 
in  Sec tion  1 w ith  horse  e ry th ro c y te s .  A ttem pts were made to  remove 
nonspecific in h ib i to rs  from serum e ith e r  by the addition of neuraminidase or 
kao lin  or by the  MnCl/Heparin method (Cruickshank e t  a l . ,  1975). P u r i f i e d  
c lo s t r id ia l  type 6 neuraminidase (Sigma: 0.4ml of 4 un its  per ml) was added to  
0.1 ml of serum or c o lo s t r a l  whey and th e  m ix tu re  was incuba ted  to  37°C fo r  
I8h and then heated a t  56°C for 1h.
Serum or c o lo s t r a l  whey d i lu te d  1/5 in i s o to n ic  s a l in e  was added to  an 
equal volume of 25% (w/v) kaolin in PBS and incubated a t  20°C fo r  20 min. The 
kaolin was removed by cen trifugation  a t  100g for 10 min.
Serum d i lu te d  in  PBS (0.2 ml in  0.3ml) was added to  0.2ml o f  2500 iu /m l  
sodium heparin in 0.5M MnC^ and gently mixed a t  4°C for 15 min before adding 
0.5ml of 50% (v/v) red blood c e l l s  and 0.7 ml of Alsevers buffer. The mixture 
was c e n tr i fu g e d  (900g fo r  20 min a t  4°C) and the  su p e rn a ta n t  f r a c t i o n  
reta ined.
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Tube agglu tination  t e s t . Doubling dilutions of serum or co lo s tra l  whey (0.2ml) 
were made in  0.2ml of PBS in  a d u p l ic a te  s e t  of Durhams tu bes . A c u l tu r e  of 
E. co li  K12 K99, resuspended to  Browns tube No. 2 in 1/10,000 m erthiolate, was 
added to  one se t  of serum or co lo s tra l  whey d i lu t io n s  in  0.2ml volumes and a 
c u l tu r e  of E*. c o l l  K12, prepared  th e  same way, to  th e  rem aining s e t  of 
d ilu tions. The tubes were incubated a t  37°C fo r  2h and a t  4°C for 3d.
So lid  phase im m unoradiom etric assay . Antibody to  K99 ( fo r  coa ting  round 
bottomed f le x ib le  polypropylene m ic r o t i t r e  t r a y s ;  Dynatech L a b o ra t ie s  L td .,  
Stock ref. M24) was r a i s e d  in  a r a b b i t  to  p r e c i p i t i n  l ines  formed in  immuno 
e le c t ro p h o re s is .  A c e l l - f r e e  e x t r a c t  o f E. c o l i  K12 K99 (See s e c t io n  1) and 
rabb it  an ti  serum to  c o l i  B41 absorbed with b ac te r ia  grown a t  18°C was used 
in immunoelectrophoresis. The r e s u l t a n t  an tise ru m  to  p r e c i p i t i n  l i n e s  was 
absorbed w ith  E. c o l i  K12 and immunoglobulin G was e x t r a c te d  by th e  method 
described in  Section 1.
A d i l u t i o n  of IgG (descr ibed  above) in  PBS was added to  w e l l s  o f  a 
m ic ro t i  t r e  t ra y  in  volumes of 125ul and incuba ted  a t  4°C f o r  I8h. The tray  
was washed 6 t im e s  in  0.05% (w/v) tween 20, 10% (v /v) f o e t a l  c a l f  serum and 
1.5% (w/v) bovine serum albumin in  PBS and incub a ted  fo r  1h a t  37°C w ith  125 
ul of washing buffer in each well. Buffer was removed by vigorous shaking and 
125 ul of a suspension of Ej_ c o li  B41 in e i th e r  washing buffer or faeces from 
a 1d old c a l f  was added to  each well and the  tray was incubated a t  37°C fo r 1h 
before washing each well 6 times. Radiolabelled antibody to  K99 (50,000 cpm 
in  125ul of antibody produced in  th e  same way as t h a t  used in  th e  IRA 
described in  Section 1) in  washing buffer was added to  each well and the tray 
incubated fo r  1h a t  37°C before washing each well 6 times in washing buffer. 
Wells were cut out of the tray and gamma rad ia tion  was measured by the method 
described in Section 1. Antibody containing 12mg/ml (d ilu ted  1/5120) used to  
coat the w ells gave optimal binding of antigen and s e n s i t iv i ty  of the t e s t  was 
no t improved by in cu b a tio n  of an tig en  in  th e  w e l l s  a t  4°C fo r  I8h. Binding 
ra t io s  were calculated as count fo r well x divided by the count fo r  w e lls  to  
which faeces ("that did not contain KQQ+ E. co li)  and rad io labe lled  antibody were 
addedyor to  which radio labelled  antibody plus washing buffer was added.
Faeces. Faeces were collected from 1d old calves and from a s ing le  c a l f  
a t  1, 5, 10 and 15 days of age. These c a lv es  rec e iv e d  co los trum  du ring  the  
f i r s t  12h of l i f e .  Samples of faeces  were a ls o  taken  from g n o to b io t ic  calves
fed Carnation milk and a balanced s a l t  solution.
Blocking im m unoradiom etric  assay fo r  antibody to  K9Q. A c u l tu r e  o f  E. 
^  c o l i  B117 was resuspended in  PBS con ta in in g  0.35% (v /v) form aldehyde and 
stored a t  4°C before washing twice in  0.05% Tween 20. Antigen was then d ilu ted  
in  IRA b u f fe r  to  g ive  a b ind ing  r a t i o  of 3.5 per 80 u l added to  10ul o f I 12^ 
antibody to  K99 and 10ul of IRA buffer. Dilutions of serum or c o lo s tra l  whey 
in  IRA b u f fe r  were added to  80 u l of an tigen  in  a 10ul volume and were 
incubated f o r  30 min a t  37°C and 30 min a t  4°C. Subsequently  10,000cpm of 
1*125 antibody to  K99 in  10ul were added and th e  tube was mixed, and 
re incubated  a t  37°C f o r  30 min then a t  4°C fo r  30 min. The tube  was washed 
twice in  IRA b u f fe r  and counted. The end p o in t  of t i t r a t i o n s  o f serum and 
co lostra l whey was th a t  d i lu tion  leading to  a 50% in h ib it ion  of the reac tion  
of E. c o l i  B117 w ith  1*125 antibody to  K99. This was a b ind ing  r a t i o  of 2.75 
which was c a lc u la te d  from a graph of b inding r a t i o  a g a in s t  d i l u t i o n  of a 
standard rab b it  antiserum to  E  ^ c o li  B41.
Serum. Serum from a h e ife r  vaccinated with a K99 preparation was kindly 
 ^ provided by Dr. R. Sellwood. Serum from ca lv es  from an o u tb rea k  o f  
diarrhoea caused by an E  ^ c o li  s im ila r  to E*. c o l i  B117 was kindly provided by 
Dr. D. Sherwood from the Moredun In s t i tu te ,  Edinburgh. Paired sera (two serum 
samples from the same c a l f  taken a t  2 and 5 weeks of age) from normal calves 
a t  the  Milk M arketing Boards Warren Farm, Lambourn, B e rk sh i re  was k in d ly  
provided by Mr. L. Thomas.
C o lo s t r a l  Whev. C o lo s tra l  whey was separa ted  from co lo s trum  by th e  
^ / a d d i t i o n  of an undefined , but sm all amount of fungal rennin (Sigma) to  f r e s h  
colostrum which was mixed and incubated a t  56°C for 2h before the  supernatant 
frac tion  was separated by centrifugation  a t  1000g fo r 30 min a t  4°C.
Results and Discussion.
(a) Comparison of the s l id e  agglutintaion t e s t  and immunoradiometric assay 
for the de tection  of KQQ antigen in faeces.
The r e s u l ts  of the immunoradiometric assay in Section 1 indicated the 
potential of t h i s  t e s t  fo r the detection of antigen in  faeces (as few as 10^ 
KQQ+ E. c o l i /g  could  be d e te c te d  and th e re  were no c ro s s  r e a c t i o n s  w ith  a 
wide range of b a c te r i a ) .  In c o n tr a s t  the s e n s i t i v i t y  of the  s l i d e  
.ag^utination t e s t  i s  l im ited  to  the number of coliform colonies iso la ted  on 
MacConkey agar which are tes ted  for K99 antigen. Since the number o f E^  coli 
isolated from faeces of calves without diarrhoea (Smith 1962) may vary from 
10? to  1C)9/g the examination of ten colonies would allow re l i a b le  detection 
of 10^-10^ E. c o l i /g  and on occasions  10^ E. c o l i  per gram of fae ce s .  Thus, 
the immunoradiometric assay of fa e c a l  m a te r ia l  would be a c o n s id e ra b le  
improvement over the s l ide  agglutination t e s t  for epidemiological s tudies 
where KQQ+ E. c o l i  may form only a sm all p ro p o r t io n  of a normal co lifo rm  
flo ra .
When E. c o l i  B41 was seeded in to  a d u l t  bovine fa e c e s  d i lu t e d  1/10 in 
the  im m unoradiom etric  assay  (IRA) b u ffe r  the  l i m i t  of d e te c t io n  (b ind ing  
r a t i o  of 2 or g r e a t e r )  was 10^ E, c o l l  per g of fa e c e s  and was comparable 
w ith  p rev ious r e s u l t s .  The nega tive  c o n tro l  (used fo r  th e  c a l c u l a t i o n  of 
binding ra t io s )  was faeces d ilu ted  1/10 in IRA buffer. When 1C)9 E*. c o l i  B41 
were seeded in to  faeces from calves 1 and 2d old d ilu ted  1/10 in  IRA buffer, 
the binding r a t i o  was c loser to  1 indicating th a t  the rad io labe lled  antibody 
to  K99 was r e a c t in g  non s p e c i f i c a l l y  w ith  a su b s ta n c e  in  n e o n a ta l  c a l f  
faeces. The non-specific  binding declined with time from a binding r a t io  of 
12 a t  day 1 t o  3.7 a t  day 15 (a d u l t  faeces  was used as  the  c o n t ro l ) .  The 
degree of nonspecific binding varied from c a l f  to  c a l f  for faeces taken a t  
1d of age (x = 9.6, Sn -  1 = 2.55, the  mean and s tan d a rd  d e v ia t io n  of the  
binding r a t io s  of faeces from 5 one day old calves). The add ition  of 10ul of 
10mg/ml of ra b b i t  immunoglubulin G with no detectable antibody to  K99 (a f te r  
abso rp tio n  w ith  E. c o l i  K12 i t  conta ined  no tube a g g lu t in in s  f o r  E. c o l i  
K12K99) reduced nonspecific binding so th a t  faeces seeded w ith  1C)9 Ej_ c o l i  
B41/g gave a b ind ing  r a t i o  of 2. This l e v e l  of s e n s i t i v i t y ,  a lth oug h  an 
improvement, was no b e t t e r  than could be achieved by c u l t u r e  and s l i d e  
agg lu tina tion  te s t s .
Adaption of the  IRA to  a s o l id  phase system reduced th e  background 
count due to  non s p e c i f i c  b inding  to  a b ind ing  r a t i o  o f  1 c a lc u la te d  from 
the radioactive  count of m ic ro ti tre  tray w ells trea ted  with radiolabelled  
antibody to  K99 alone. This was probably due to  removal of the substance in 
faeces th a t  was responsible for nonspecific binding by the extensive washing 
procedure p r io r  t o  th e  a d d i t io n  of r a d io l a b e l le d  an tibody . W hils t  the 
binding r a t io  fo r  10^ E. c o li  B41/g of faeces was 20.4 the binding r a t io  for 
108 E. c o l i  B41/g of fa e c e s  was 2.5 and re p re se n te d  a l e v e l  o f s e n s i t i v i t y  
comparable to  th a t  of cu ltu re  and s l id e  aggutination te s t s .  The dramatic
red u c tio n  in  b ind ing  r a t i o  between 109 c o l i  and 108 c o l i /g  in  the
solid  phase IRA and the  difference in se n s i t iv i ty  of the tube IRA used on 
suspensions of bac te r ia  in  IRA buffer and the so lid  phase IRA was probably a 
re f lec tio n  of the k in e tic s  of antibody/antigen reactions. When the antigen 
i s  l im i te d  t o  a s o l i d  phase, e q u iv a le n t  to  a r e l a t i v e l y  sm a ll  volume, i t  
would have le s s  opportunity to  react with antibody in the  re la t iv e ly  large 
volume used to  overlay the antigen than i f  i t  were homogeneously d is tr ibu ted  
in the same volume of antibody as in the tube IRA.
The IRA reacted with faeces from day old gnotobiotic calves as well as 
with faeces from conventional calves. The non spec if ic  reac tio n  of the IRA 
w ith  n eo nata l c a l f  fae ce s  could no t have been due to  a r e a c t i o n  w ith  
re s id u a l  immunoglobulin t h a t  r e s u l te d  from co lostrum  fee d in g  nor w ith  a 
normal m icrobiological flora. The same phenomenon was observed by Sherwood 
(personal communication) with an enzyme linked immunosorbent assay for K99 
antigen. The non sp ec if ic  reaction  with c a l f  faeces was not due to  res idual 
enzyme a c t i v i t y  in  th e  fae ce s  but to  th e  a b i l i t y  o f some e lem en t in  young 
ca lf  faeces to  bind rab b it  immunoglobulin.
(b) Comparison o f  a tube a g g lu t in a t io n  t e s t T an h a em ag g lu t in a tio n  
inhib ition  t e s t  and a blocking immunoradiometric assay fo r antibody to  KQQ.
The t i t r e s  of ten colostrum samples, normal rab b it  antiserum, foeta l 
c a l f  serum, r a b b i t  an tise rum  to  E. c o l i  B41 and bovine an tibody  to  K99 a re  
recorded in Table 1.
The blocking immunoradiometric assay (IRA) detected antibody to  K99 in 
the  r a b b i t  an tise ru m  to  E. c o l i  B41 and the  bovine a n tise ru m  to  K99 only. 
In c o n t r a s t  th e  r e s u l t s  o f the  h aem ag g lu t in a tio n  i n h i b i t i o n  t e s t  (HAI) 
suggested the  presence  of antibody to  K99 in  a l l  sam ples. Exam ination  of 
the  HAI t i t r e  of f o e t a l  c a l f  serum, t h e o r e t i c a l l y  devoid o f  an tib ody , and
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comparison of th i s  with the HAI t i t r e  of rabb it  an ti  c o l i  B41 suggested 
th a t  the  HAI t i t r e s  were la rg e ly  due to  the  presence  of non s p e c i f i c  
in h ib i to rs  of haemagglutination. Treatment of serum or c o lo s tra l  whey with 
neuraminidase or MnCl^Heparin fa i led  to  reduce non sp e c if ic  in h ib i t io n  and 
was c o n s i s t e n t  w ith  the  veiw t h a t  th e  re c e p to r  fo r  K99 i s  u n a ffe c te d  by 
neuram inidase (F a r i s  e t  a l . ,  1980). T reatm ent w ith  k a o l in  reduced the  
t i t r e s  o f a l l  sam ples by 50% which was no t s u f f i c i e n t  f o r  d is c r im in a t io n  
between non-specific  in h ib i to rs  and antibody to  K99.
Exam ination o f  t i t r e s  in  th e  tube a g g lu t in a t io n  t e s t  w ith  r a b b i t  
antiserum to  c o l i  B41 compared with those of colostrum and normal rabb it  
serum suggested  t h a t  a r a t i o  of t i t r e s  to  E. c o l i  K12 and K12 K99 might 
indicate  the presence of antibody to  K99. The amounts of antibody involved, 
however, would have to  be large because the bovine antiserum to  K99 would, 
by these  c r i t e r i a ,  appear to  la c k  antibody to  K99 when th e  IRA in d ic a te d  
th a t  i t  con ta ined  antibody to  K99. This problem m ight be overcome by 
^absorption  w ith  E. c o l i  K12 but a b so rb t io n s  o f l a rg e  numbers of samples 
would be impracticable. The effectiveness of absorption would have to  be 
checked and perhaps repeated. Generally, t i t r e s  w ith  E  ^ c o li  K12 K99 were 
lower than th o se  w ith  E. c o l i  K12 and suggested  t h a t  th e  presence  of 
f im b r iae  s t e a r i c a l l y  blocked o th e r  a n t ig e n ic  s i t e s .  This phenomenon has 
been reported previously (Brinton e t  a l. ,  1978).
Another ten colostrum samples were obtained from the i n s t i t u t e s  farms 
where th e re  was no c l i n i c a l  evidence or h i s to ry  o f  d ia r rh o e a  caused by E. 
coli. The r e s u l ts  of the blocking IRA were co ns is ten t  w ith the absence of 
antibody K99. These samples were examined by Dr. D. Sherwood of the Moredun 
In s t i tu te ,  Edinburgh for antibody to  K99 by an enzyme linked immunosorbent 
assay (ELISA) and two had t i t r e s  o f  170 and 190. A t i t r e  o f 100 by t h i s  
assay was considered nonspecific.
Colostral whey samples from 18 dams matched with paired serum samples 
from t h e i r  c a lv es  (taken a t  3 and 21d of age) provided by Dr. D. Sherwood 
were from an ou tb reak  of c a l f  d ia r rh o e a  due to  KQQ+ E. c o l i . F i r s t  and 
second serum  sa m p le s  o f  15 c a l v e s  w ere  exam ined  by th e  b lo c k in g  
im m u n o ra d io m e tr ic  a ssa y  p e rfo rm e d  h e re  and an enzyme l i n k e d  
imm unoradiom etric assay (ELISA) c a r r ie d  out by Dr. D. Sherwood. With 
re sp e c t  to  th e  presence or absence of antibody to  K99 th e r e  was agreem ent 
between the two t e s t s  with 27 out of 30 samples. In both t e s t s  the h ighest 
t i t r e s  were obtained with the same samples. The only disagreement between
the two t e s t s  was with f i r s t  serum samples in  which low t i t r e s  were obtained 
by the ELISA (300 and 400) and no reaction  took place with the blocking IRA. 
A t i t r e  of l e s s  than  100 was considered  non s p e c i f i c .  I f  r e s u l t s  o f  th e  
ELISA a re  d iv ided  by a t i t r e  o f  100 then th e  samples p o s i t iv e  by ELISA 
negative by blocking IRA would have t i t r e s  of 3-4 which might be considered 
barely po s itive  and possibly non-specific.
Overall, however, agreement between the two t e s t s  was good. Prior to  
the outbreak of c a l f  diarrhoea from which these samples were derived there 
was no h i s to ry  of a r a p id ly  dehydra ting  d ia r rh o e a  in  th e  f i r s t  3 days o f  
l i f e  and t h i s  would be in  agreem ent w ith  i n a b i l i t y  o f th e  IRA to  d e te c t  
a n t ib o d ie s  to  K99 in  co lostrum  or f i r s t  serum sam ples o f  th ese  ca lv es  and 
the  appearance of a n t ib o d ie s  to  K99 in  the  second serum sam ples of c a lv es  
th a t  were taken shortly  a f te r  the outbreak.
(c) The freauencv of antibody to  K9Q in paired sera  from calves.
Exam ination of c a l f  se ra  fo r  antibody to  K99 seemed a p o s s ib le  
indicator of the frequency of diarrhoea caused by K99+ Ik  c o l i  (De Leeuw e t  
a l.,  1979). The Milk Marketing Boards Warren Farm purchases calves from a 
wide area re su ltin g  from Fresian cow t e s t  beef bu ll crosses and the d e ta i l s  
of procurement are  found in the booklet ,?MMB, Beef Improvement Programme, 
Warren Farm 1976/77". 248 paired serum samples (obtained a t  2 and 5 weeks
of age) taken  from c a lv es  born between August 1971 and October 1975 were 
examined fo r K99 antibody by the blocking IRA. A t i t r e  in  the f i r s t  serum 
sample h ig h e r  than  t h a t  in  th e  second would have been ev idence fo r  th e  
p resence of an tibody  to  K99 in  the co los trum  of the  c a lv es  dam. A h ig h e r  
t i t r e  in  th e  second sample would have been evidence  of an tibody to  K99 in  
the ca lv es  serum as a r e s u l t  of an a c t iv e  response  to  i n f e c t i o n  e i t h e r  
c l in ic a l  or subclin ica l (Sherwood; personal communication). Non of the 248 
serum samples produced 50% inh ib it io n  in  the blocking IRA neat o r  d ilu ted  
1/10 in IRA buffer. Either in fec tions with K99+ Ik  c o l i  were not common in 
the population sampled from 1971 to  1975 or in fec tions  were large ly  f a t a l  or 
antibody to  K99 does not p e rs is t  a t  de tectab le  lev e ls  in adu lt  c a t t l e  and so 
would not be evident in colostrum.
Section 4*. A Comparison of the S u scep tib il ity  of Calves to  Infection with
KQQ* E sc h er ich ia  c o l i  when e i t h e r  Fed or Deprived o f  Colostrum Lacking
Antibody to  K9Q.
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A. Introduction.
Calves were infected experimentally in order to  monitor th e i r  faeces 
f o r  K99+ E. c o l i  by the  im m unoradiom etric  assay , by c u l tu r e ,  and by the  
s l id e  a g g lu t in a t io n  t e s t .  The r e s u l t s  of th ese  i n f e c t io n s  led  to  an 
investigation  of some of the fac to rs  th a t  may influence the su sc e p t ib i l i ty  
of the perina ta l  c a l f  to  in fec tion  by KQQ* E. c o l i .
B. Methods.
B a c te r ia . In a d d i t io n  to  th ose  b a c te r i a  d e sc r ie d  in  S ec tio n  1 a 
c u l tu re  o f  Staphylococcus e p id e rm id is  was k ind ly  su p p lied  by Dr. J.C. 
Anderson (IRAD) and an additional cu ltu re  of Ik  c o li  B44 was supplied by Dr.
D. Sherwood (Moredun I n s t i t u t e ,  Edinburgh). A c u l tu r e  o f  E. c o l i  G205 was 
k ind ly  su pp lied  by Dr. R. Sellwood (IRAD), and c u l tu r e s  of E. c o l i  Y987,
Y969, Y948 andZ6 were k ind ly  su p p lied  by Dr. A. H i l l  (IRAD). 
SDS-Polyacrylamide gel e lectrophoresis . The method described in Section 1 
was used.
Blocking immunoradiometric assay fo r antibody to  K9Q. The method described 
in Section 3 was used.
P ro te in  b l o t t i n g  (Western b l o t ) .  The method o f  Bowen e t  a l .  (1980) was 
used. A fte r  SDS-PAGE, s la b  g e l s  were p laced  in  50mM NaCL, 2mM e th y le n e  
diamine te t r a c e t ic  acid (sodium s a l t ) ,  4 M Urea, 0.1mM d i th io th re i to l ,  10mM 
Tris/HCL, pH 7.0 and gen tly  a g i t a t e d  f o r  3h. The ge l  was then sandwiched 
between two s t r ip s  of n i tro ce llu lo se  f i l t e r  paper (Schleicher and Schuell) 
submerged in  0.05M NaCl  ^ 2mM EDTA, -0.1mM d i th io th re i to l ,  10mM Tris/HCl, pH 
7.0, for 36h a t  4°C. The o rig ina l solution was replenished a f te r  the f i r s t  
12h. F i l t e r  papers were then immersed in  i s o to n ic  s a l in e  w ith  10% (v /v )  
fo e ta l  c a l f  serum and 0.05% (w/v) Tween 20 which con ta ined  r a d io la b e l le d  
frac tio ns  of co lo s tra l  whey. The f i l t e r  papers were ag ita ted  a t  20°C fo r  1h 
then washed fo r  2h in th e  f o e t a l  c a l f  serum/Tween 20 b u f fe r  b e fo re  d ry ing  
down a t  37°C. F i l t e r  papers were then au to rad iog raphed  by th e  method 
described in Section 1.
Colostral whey. Colostral whey was extracted by the method in Section 3 and 
stored a t  e i th e r  4 or -70°C. Where applicable  i t  was absorbed with an equal 
volume of a 20% (w/v) suspension of bac teria  a t  56°C for 2h.
Column chromatography. Colostral whey was made 45% saturated  with ammonium 
su lp h a te  and mixed a t  4°C fo r  I8h. The p r e c i p i t a t e  was d is so lv e d  and 
d i l u t e d  in  PBS t o  a p r o t e i n  c o n c e n t r a t i o n  o f  70m g/m l ( e s t i m a t e d  
spectrophotometrically) and dialysed a t  4°C fo r I8h in  0.05M sodium ace ta te , 
0.02 M a c e t i c  ac id  b u ffe r .  A p r e c i p i t a t e  formed which was removed by 
centrifugation  -at 1000g for 30min. Five ml of the supernatant f rac t io n  was 
placed on a Sephacryl S300 (Pharmacia) column (2.5 x 84 cm) and eluted with 
aceta te  buffer a t  a flow ra te  of 33ml/h. Fractions were collected  every 6 
min and were, therefore, approximately equivalent to  3.3ml.
Iso la tion  of polymorphonuclear leukocytes from bovine peripheral blood. The 
method of Carlson and Kaneko (1973) was used. Twenty ml of blood was drawn 
from the jugular vein of calves le s s  than 2 weeks old and mixed with 2ml of 
1.5% (w/v) e thy lene  diamine t e t r a c e t i c  a c id ,  0.0132 M phosphate b u f fe re d  
(pH 7.0) 0.7% (w/v) sodium chloride solution. The blood was centrifuged a t  
1000g fo r  15 min a t  20°C. Subsequently, the plasma or supernatant f ra c t io n
as w ell as th e  buffy c o a t  or monocyte l a y e r  and the  top t h i r d  o f  th e  red 
blood c e l l  l a y e r  were removed by p i p e t t e  and d isca rd ed . 2ml volumes of 
packed red c e l l s  were mixed w ith  2ml of PBS in  a con ica l  bottomed p l a s t i c  
universals before 10ml of double deionised water was added and mixed fo r  30 
sec. F ive ml of 2.7% (w/v) NaCl, 0.0132M, pH 6.8 phosphate s o lu t io n  was 
added to  res to re  iso ton ic ity .  The univer sals were then centrifuged a t  200g 
for 10 min a t  20°C. The supernatant f rac t io n s  were discarded and the  white 
ce l l  buttons washed by resuspension in  PBS and centrifugation. Washing was 
repeated twice more and the c e l l s  f in a l ly  resuspended in Hanks balanced s a l t  
so lu t io n  made 10% (v/v) w ith  f o e t a l  c a l f  serum. Numbers of c e l l s  were 
^determ ined  in  an improved Neubauer coun ting  chamber and t h e i r  v i a b i l i t y  
checked by the ex tra  v i t a l  trypan blue exclusion method of VanFurth e t  a l. 
(1978). This involved resuspension of c e l l s  in  0.005% (w/v) trypan blue and 
c e l ls  stained blue were considered dead. The purity  of polymorphonuclear 
leukocyte preparations was period ica lly  checked by counting 200 c e l l s  in a 
smear on a microscope s l id e  stained by the rapid Giemsa method (Cruickshank 
e t  a l.,  1975). Smears were a i r  dried, fixed in methyl alcohol for 3 min and 
s ta in e d  in  Giemsa s t a in  d i lu te d  1 in  10 in  tap  w ater  fo r  1h. The sm ears 
were then washed and d if fe ren t ia te d  in tap  water for 30 sec and f in a l ly  a i r  
d r ied . P re p a ra t io n s  t e s te d  fo r  p u r i ty  and v i a b i l i t y  were always g r e a t e r  
than 90% polymorphonuclear leucocytes (the remainder were monocytes) and 95% 
viab le .
Opsonic phagocy tosis  a ssa y . The method o f  Sellwood (1982) was used. 
Polymorphonuclear le u c o c y te s  (0.2ml) were added to  0.1ml of b a c t e r i a  
(d i lu te d  to  give 5 x 10 colony form ing u n i t s /m l )  and 0.3ml of serum or 
c o lo s t r a l  whey (d i lu te d  in  f o e t a l  c a l f  serum heated  a t  56°C f o r  30min) in  
small p la s t ic  capped v ia ls .  The v ia l s  were mixed by ro llin g  a t  120 rpm for 
2h a t  37°C. S e r ia l  10-fold d i lu t io n s  were made in saline , and th ree  0.02ml 
volumes of each d ilu tio n  were dropped onto blood agar p lates. Viable counts 
were estimated from the mean number of colonies per drop.
For control t e s t s  two v ia l s  were used one with the appropriate amounts 
of co los tra l  whey or serum, polymorphonuclear leucocytes heated a t  56°C fo r 
30 min and b a c t e r i a  and one w i th  f o e t a l  c a l f  serum  added t o  
polymorphonuclear leucocytes and bacteria . Hie f i r s t  control demonstrated 
bacteri c idal or agglutinin a c t iv i ty  in co lo s tra l  whey or serum. The second 
co n tro l  dem onstra ted  the  presence of in h e re n t  phagocytic  a c t i v i t y  of 
polymorphonuclear le u c o c y te s  due to  c y to p h i l ic  antibody derived from the
blood from which the phagocytes were iso la ted . Opsonic phagocytosis assays 
were calculated as a percentage of bacteria  k i l le d  with respect to  e i th e r  of 
the controls with the lowest number of surviving bacteria .
T es ts  fo r  phagocy tosis  and i n t r a c e l l u l a r  k i l l i n g  bv polym orphonuclear 
leucocytes. The methods of VanFurth e t  a l. (1978) were used. In t e s t s  fo r 
phagocytosis two volumes of the reagents used in opsonic phagocytosis assays 
were used but th e  p ro p o r t io n s  o f  b a c te r i a ,  c o lo s t r a l  whey and phagocytes 
were maintained. This t e s t  was id en tica l  to  the opsonic phagocytosis assay 
except t h a t  a t  0, 15, 45 and 105 min 0.1ml a l iq u o t s  were removed,
c en tr ifu g e d  a t  200g f o r  10 min and v ia b le  counts of s u p e rn a ta n t  f r a c t i o n s  
calculated.
Phagocytosis was a lso  checked by a Giemsa s ta in  of a f i lm  of phagocytes 
exposed to bacteria  in the presence of co lo s tra l  whey fo r  15 min.
In a t e s t  for in t r a c e l lu la r  k i l l in g  of bacteria  by phagocytes 4 volumes 
of co lo s tra l  whey, bacteria  and polymorphonuclear leucocytes were incubated 
-a t 37°C fo r  15 min rolled a t  120 rpm; Phagocytes were se p a ra ted  from th e  
supernatant frac tio n  a f te r  cen trifuga tion  a t  200g fo r 10 min and washed once 
in Hanks balanced s a l t  solution. Phagocytes were then incubated a t  37°C a t  
120 rpm. A liquo ts  (0.1ml) were removed a t  0, 15, 45 and 105 min,
centrifuged a t  200g fo r 10 min and the  supernatant f rac tio n  discarded. The 
phagocytes were lysed  by m ixing the  p e l l e t  in  0.1ml o f  0.5% (w/v) sodium 
deoxycholate and incubated a t  20°C fo r 2 min. Viable numbers of b a c te r ia  in 
lysed phagocytes were calculated .
P re p ara t io n  o f  ca lv es  fo r  ex p e r im e n ta l  in fec tions . Methods applicable  to  
g n o to b io t ic  c a lv es  a re  d e sc r ib ed  in  S ec tion  2. Where a p p l ic a b le ,  c a lv e s  
born on the  i n s t i tu t e  farms were allowed to  suckle th e i r  dam u n t i l  they were 
12 h old and then placed in  a gnotobiotic iso la to r  before in fec tion . They 
were o therw ise  t r e a te d  as g n o to b io t ic  ca lv es .  This p re c a u t io n  was taken  
i n i t i a l l y  in  o rder to  l i m i t  the  spread  of in f e c t io n .  As a r e s u l t  of th e se  
experim ents i t  became c le a r  t h a t  w ith  reasonab le  p re c a u t io n s  th e  r i s k  o f  
spread of in fec tion  was not great. Consequently in subsequent experimental 
infections conventional calves were caught a t  b ir th ,  not allowed to  suckle 
colostrum, and kept in  an iso la ted  loose box.
Preparation of bacteria  for experimental infec tions. The method described
in  Sec tion  2 was used. In some c ase s  the  inoculum of c o l i  B44 was
suspended in  d im ethy l su lphoxide  (Sherwood, Mordun I n s t i tu te ,  Edinburgh; 
^personal . communication). One ml of dimethyl sulphoxide was added to  10ml 
a l iq u o ts  of a suspension  of 10^0 E. c o l i  B44/ml subsequently  s to re d  a t  -  
70°C. When in o cu la  were re q u ire d  a l iq u o t s  were allowed to  thaw and 10ml 
were ad m in is te red  o r a l l y .  The rem ain ing  1ml was r e ta in e d  to  e s t a b l i s h  
viable counts of bacteria .
B a c te r io lo g ic a l  exam ination  o f  fa e c e s  and necropsy sam ples. Lengths o f  
alimentary t r a c t  were washed through with s t e r i l e  iso tonic  sa l in e  to  remove 
the contents and opened by longitudinal incision. A s t e r i l e  g lass  s l id e  was 
then used to  remove the mucosa which was weighed and resuspended in  9x i t s  
w eight of s t e r i l e  i s o to n ic  s a l in e .  Mucosal suspensions were ground w i th  
s te r i l e  sand in a pestle  and mortar. This preparation was designated as a 
^Tcr1 dilution of w all  mucosa. S e r i a l  10 fo ld  d i lu t i o n s  o f  w a l l  mucosa, 
i n t e s t i n a l  c o n te n ts  and fa e c e s  were spread  onto 3 MacConkey ag ar  p l a t e s
subsequently  incubated  a t  37°C fo r  18 h. Numbers o f  b a c t e r i a  in  th e
o r ig in a l  samples were c a lc u la te d  from the  mean of the number of c o lo n ie s  
from 3 p la te s .  Where a p p l ic a b le ,  ten  c o lo n ie s  on MacConkey agar  were 
subcultured on to  TGX agar, incubated a t  37°C for I8h and examined fo r  K99 
production by the s lide  agglu tination  t e s t .
In v i t r o  t e s t s  f o r  antagonism  o f  th e  growth o f  KQQ+ E. c o l i  bv E. c o l i  
i s o la te d  from c a lv e s  in fe c te d  e x p e r im e n ta l ly . E. c o l i  B41 and R664 were 
cultured onto blood agar p la tes  a t  37°C fo r  I8h. Growth was resuspended to  
a co n cen tra t io n  e q u iv a le n t  to  Browns o pac ity  tube No. 4. S e r i a l  1 0 - fo ld  
d i lu t io n s  were made and 0.1ml o f  th e  10” ^ d i lu t i o n  was sp read  onto  p e t r i  
d ishes  of TGX agar and TGX agar co n ta in in g  5ug/ml of o x y te t r a c y c l in e .  E. 
co li  B41 was r e s i s ta n t  to  th is  concentration of a n tib io tic .  E c o li  R664 was 
s e n s i t iv e .  0.1ml volumes of th e  10“ ^ d i lu t i o n s  of each s t r a i n  o f  E. c o l i  
were inoculated in to  3 x 10ml n u tr ie n t  broths singly and 3 x 10ml n u t r ie n t  
broths together. The cu ltu res  were incubated a t  37°C and v iab le  counts were 
made on 1ml a l iq u o t s  a f t e r  1, 4, 8, 12, 24 and 48h in c u b a tio n  by sp read  
plate inoculation of 0.1ml of s e r ia l  10-fold d ilu tions  on TGX agar with or 
without oxytetracycline.
Assays for detection  of heat .stable enterotoxin in the suckling mouse t e s t . 
The method of Guinee e t  a l .  (198 1) was used. Toxin was prepared  by 
inoculation of E. c o li  in to  10ml of Evans medium (Evans e t  a l . ,  1973 : 20g of 
casamino a c id s ,  6g o f  y e a s t  e x t r a c t ,  2.5g of NaCI, 8 .71g of KH2 PO4 , 1ml of 
s a l t s  solution, which contained 10g of MgSO^j^O, 1g of- MnCl2 .4h2 0 . 0 .135g 
of FeCl3 and 0.4g of CaCl2 .2 H2 0 » was made up to  1000ml, a d ju s te d  to  pH 8.5 
w ith  0.1 M NaOH, au to c laved  a t  121 °C fo r  20 min and added to  2.5ml of 
s t e r i l e  20% (w/v) glucose) in  a 100ml screw-capped b o t t le  and incubated a t  
37°C for 24h w h ils t  shaken a t  250 rpm. 0.1ml of cu ltu re  was inoculated to  
10ml of f r e s h  medium and incuba ted  under the same cond iton s . B a c t e r i a l  
c e l ls  were removed by cen tr ifuga tion  a t  20,000g for 30 min and polymixin B 
was added to  the  su p e rn a ta n t  f r a c t i o n  to  g ive  a f i n a l  c o n c e n tra t io n  o f  
50ug/ml. 2 drops of 0.5% Evans blue were added per ml of toxin preparation.
In fa n t  m ice, 2 days old from l i t t e r s  t h a t  had re c e n t ly  su ck led  t h e i r  
mother were in o c u la te d  i n t r a g a s t r i c a l l y  with the enterotoxin preparation 
(0.1ml). Enterotoxin preparation was tested  in  3 to  4 mice. Mice were kept 
a t  30°C and k i l le d  a f te r  4h by decapitation. The alimentary t r a c t  from the 
duodenum to  the rectum was removed and weighed and the r a t io  of gut weight 
to  remaining body weight calculated  as a mean from re s u l ts  in 3-4 mice. A 
mean r a t i o  o f l e s s  than , or equal to  0 .0 8  was considered  n e g a t iv e  and a 
ra t io  of g rea te r  than or equal to  0.09 considered positive . The r e s u l t s  of 
t e s t s  in  which the  gu t was not s ta in e d  w ith  Evans b lue , o r in  which th e  
peritoneal cavity was stained, were not used. I f  the sum of carcasses and 
i n t e s t i n e s  was l e s s  than  9 5 % of body weight befo re  s a c r i f i c e  th e  t e s t  was 
discarded due to  excessive lo ss  of relevant m aterial during d issec tion .
Double Immunodiffusion. Double immunodiffusion was used to  de tec t  c la sses  
of immunoglobulin in  Sephacryl S300 column eluates of c o lo s tra l  whey and the  
method d e s c r i b e d  in  S e c t i o n  1 used . R a b b i t  a n t i s e r a  t o  b o v in e  
immunoglobulins M,A and G (Miles Laboratories) were used.
Necropsy and microscopy o f  e x p e r im e n ta l ly  in fe c te d  c a lv e s . The methods 
described in Section 2 were used.
Immunoperoxidase sta in ing  of sections of c a l f  alimentary t r a c t .  The methods 
described in  Section 2 were used.
C. Results and Discussion.
(a) In fec tio n  o f  c a lv e s  fed colostrum  for 12-24 h w ith  1010 KQQ+ E l. c o l i .
2 c a lv es  were taken from t h e i r  dam a t  20 and 14h of age and in f e c te d  
w ith 8.1 x 109 and 8.2 x 109 c o l i  B41 r e s p e c t iv e ly .  30% and 10% o f 
coliform colonies iso la ted  from faeces on MacConkey agar a f te r  1 and 2 days 
post in fection  of 1 c a l f  were K99+ in a slide  agglu tination  t e s t  fo r K99. 
K99+ ik  c o l i  were never i s o l a t e d  from the second c a l f  and n e i t h e r  c a l f  
su ffe red  d ia r rh o e a  ( fa e c a l  dry w eigh ts  were g r e a te r  than  15%) du ring  th e  
f i r s t  10 days o f  l i f e  and t o t a l  co lifo rm  counts on MacConkey agar d id  no t 
exceed 5 x 109/g of faeces.
2 c a lv e s  were taken  from t h e i r  dam a t  18 and 12h of age. One was 
in fe c te d  w ith  1.3 x 10^0 c o l i  B44 and the o th e r  w i th  3.3 x 1 0 ^  E*. c o l i  
B44 prepared with 10% (v/v) dimethyl sulphoxide (prepared by the method of 
Sherwood). 10% of co lifo rm  c o lo n ie s  i s o la te d  from fa e c e s  of the  c a l f  
in fec te d  w ith  1.3 x 10^0 E. c o l i  B44, taken a t  day 1 and 2 p o s t  i n f e c t i o n ,  
were K99+ in a s l id e  agglu tination  te s t .  This c a lf  did not su f fe r  d iarrhoea 
in the f i r s t  10 days of l i f e  and to ta l  coliform counts on MacConkey agar did 
not exceed 5 x 10^/g of faeces.
The c a l f  infected with E. c o li  in 10% dimethyl sulphoxide had a watery 
diarrhoea (faecal dry weight l e s s  than 5% within 15h post in fec tio n  which 
did not con tinue  beyond 39h p o s t  i n f e c t io n  w h e re a f te r  f a e c a l  dry w eigh ts  
were greater than 15%). Up to  day 3 post in fection  90% of coliform colonies 
cu ltu red  from fa e c e s  on MacConkey agar produced K99 on TGX agar .  During 
th is  period to ta l  coliform counts exceeded 109 bac te ria /g  of faeces.
By day 7 post in fec tion  to ta l  coliform counts dropped to  l e s s  than 10^ 
bacteria/g  of faeces where they remained un til  post mortem examination a t  
day 22 post infec tion . The proportion of colonies th a t  produced K99 on TGX 
agar when subcultured from faecal cu ltu res  on MacConkey agar dropped from 
90% on day 3 p o s t  i n f e c t i o n  to  l e s s  than  10% by day 7 p o s t  i n f e c t i o n  a f t e r  
which they were no t d e te c ted .  The p o s s ib i l i ty  t h a t  th e  membrane a c t iv e  
compound dimethyl sulphoxide caused the b rief  period of diarrhoea suffered 
by th is  c a l f  could not be excluded.
At necropsy a l l  c a lv e s  had . 10^-10^ c o lifo rm  b a c t e r i a / g  o f  sm all  
i n t e s t i n a l  c o n te n ts  1,5 and 9 and no more than 10^ c o l i fo rm  b a c t e r i a / g  o f  
the scrapings of in te s t in a l  mucosa a t  s i t e s  1,5 and 9.
Noneof the four experimental infec tions resu lted  in  a watery diarrhoea 
leading to  rapid dehydration associated with in fec tion  w ith K99+ JL c o l i . 
C o l o s t r a l  whey from  a l l  f o u r  dams d id  n o t  r e a c t  i n  th e  b lo c k in g  
immunoradiometric assay for K99, fa iled  to  form p re c ip i t in  l in e s  in  double 
immunodiffusion t e s t s  with a c e l l- f re e  prepara ton of Ei. c o l i  B41 (described 
in Section 1) and did not contain agglutinins (tube agg lu tination  t e s t )  to  
E. c o l i  B41 and B44. K i l l in g  of the  inoculum by stomach a c i d i t y  was not 
likely because in fec tion  was attempted ju s t  a f te r  feeding. This i s  a time 
when the g a s t r ic  pH of calves has been shown to  r i s e  from 2.0-2.8 to  4.5-6.8 
(Mylrea, 1966). Since calves were fed milk th a t  was autoclaved, a treatm ent 
known to  des troy  enzymes, i t  i s  u n l ik e ly  t h a t  th e  l a c to p e r o x id a s e -  
thiocyanate-hydrogen peroxidase system of milk, th a t  has been shown to  k i l l  
E.coli in  the  c a l f  abomasum (R e ite r  e t  a l . ,  1980), would be a c t iv e .  E. 
coli B44 (10^/ml) inoculated in to  a 1:1 mixture of gnotobiotic  c a l f  feed and 
^abomasum contents of a 21 d old ca lf  did not decline in numbers a f t e r  2h and 
increased by 50% a f te r  4h a t  3T°C.
All 4 calves were le s s  than 24h old and did not receive colostrum th a t  
contained K99 a n t ib o d ie s .  JE*. c o l i  B41 and B44 gave p o s i t i v e  r e s u l t s  
(g re a te r  than 0.09) in  a suck ling  mouse assay fo r  h e a t  s t a b l e  e n te ro to x in .  
Control bacteria  th a t  do not produce heat s tab le  enterotoxin  gave a r a t i o  
of l e s s  than 0.05. This in d ic a te d  t h a t  E. c o l i  B41 and B44 were adequate  
producers of the heat s tab le  enterotoxin.
Since the E  ^ c o l i  used produced a l l  of the so fa r  described pathogenic 
determinants necessary for the production of diarrhoea in what should have 
been s u s c e p t ib le  c a lv e s ,  i t  was concluded t h a t  e i t h e r  th e  E. c o l i  lacked  
undetermined pa thogenic  d e te rm in an ts ,  or the  c o n d i t io n s  t h a t  d e f in e  
/ - s u s c e p t ib i l i ty  o f th e  h o s t  had not been f u l ly  e s t a b l i s h e d .  In  o rd e r  to  
investigate  th is  further^ experimental in f e c t io n s  were done in  g n o to b io t ic  
calves.
(b) In fec tion  of colostrum deprived gnotobiotic calves with 10^0 KQQ+ 
E. c o l i .
Table 2 Numbers of colony forming units on TGX agar in necropsy
samples from a gnotobiotic calf infected with Escherichia coli 
B44.
Sample from Site Colony forming units/g
Small intestine 1 contents
(upper) mucosa
9.2 x 10 
1.0 x 10
7
contents
mucosa
9.5 x 10' 
1.0 x 10'
5
(mid )
contents
mucosa
1.0 x 10 
9.4 x 10'
10
contents
mucosa
6.4 x 10'
4.5 x 10'
9
(lower)
contents
mucosa
Not available 
4.4 x 109
Colon contents
mucosa
6.2 x 10' 
1.0 x 10'
Table 3. Numbers of colony forming units on TGX agar in necropsy
samples from a gnotobiotic calf infected with Escherichia coli 
B41.
Sample from
Small intestine
Colon
Site
E. coli Staph.
1 contents 9.8 x 10^ 9.0
(upper) mucosa 1.1 x 10^ 4.0
3 contents 1.1 x 10 1
mucosa 1.4 x 10“* 3.0
g
5 contents 1.6 x 10 3.0
(mid) mucosa 4.7 x 10 2.4
7 contents Not available
4
mucosa 4.0 x 10 3.0
9
9 contents 2.0 x 10 4.0
6(lower) mucosal1'/ 4.5 x 10 3.0
9
contents 3.2 x 10 5.0
mucosa 4.5 x 10^ 1.6
aureus
3
x 10 
x 104
x 102 
x 104
x 106 
x 104
3
x 10
x 105 
x 104
x 104 
x 105
A 6h o ld  g n o to b io t ic  c a l f  w as .in fec ted  w ith  10^0 e. c o l i  B44 prepared  
w ith  d im ethy l su lp hox ide , s to re d  a t  -70°C, thawed and then  washed th re e  
tim es by c e n t r i f u g a t i o n  and resu spens ion  in  o rder  to  remove th e  d im ethy l 
su lphoxide. By 16h p o s t  in f e c t io n  the  c a l f  had a very w atery  d ia r rh o e a  
(faeca l  dry w eigh t l e s s  than 5%) and was showing s ig n s  o f  dehydra tion  
(sunken eyes, ten ting  of pinched skin). By 19h post in fec tion  the c a l f  was 
moribund. Samples fo r  h is to lo g y  and immunoperoxidase were taken  under 
a n a e s th e s ia  as  d e sc r ib e d  and the  c a l f  given a l e t h a l  dose of a n a e s th e t ic .  
The re s u l ts  of a bacterio log ica l examination are shown in  Table 2. Numbers 
of E. c o l i  in  i n t e s t i n a l  c o n te n ts  were a t  l e a s t  100-fo ld  and in  sc ra p in g s  
from the  i l e a l  mucosa 10 ,000-fo ld  g r e a te r  than tho se  found in  th e  same 
samples from experimentally infected conventional calves.
Immunoperoxidase exam ination  of s e c t io n s  o f low er ileum  rev ea led  
bacteria adherent to  v i l l i  stained with antiserum to  K99 and were s im ila r  to  
those depicted in Section 2.
A second g n o to b io t ic  c a l f  was in fe c te d  a t  7h of age w ith  4 x 1 0 ^  E. 
co li B41. By 17h post in fec tion  the c a lf  had a watery diarrhoea (faecal dry 
weight l e s s  than  5%) w ith  l iq u id  con tinuously  lea k in g  from i t s  anus. The 
ca lf  however, was b r igh t and fed well. The condition of diarrhoea pers is ted  
u n t i l  30h p o s t  i n f e c t io n  and th e  c a l f  began to  show s ig n s  o f  d eh yd ra tion  
(sunken eyes, t e n t in g  of pinched sk in )  and became a n o rex ic .  At 38h post 
infection the  c a l f  was suffering a le s s  water diarrhoea and was feeding well 
and by 46h p o s t  i n f e c t io n  i t s  fae ce s  were s o l id .  At 17 and 30h p o s t  
in f e c t io n  th e  fa e c e s  con ta ined  2.7 x 10^ and 7.8 x 10^ E. c o l i  B41/g and 
from 3 to  35 day post in fec tion  daily faecal samples contained 1-7.3 x 10^ 
E. co li  B41/g. Samples were taken a t  necropsy a t  day 35 post in fec tion  and 
the  r e s u l t s  o f b a c t e r io lo g ic a l  exam inations a re  in  Table 3. On TGX agar a 
second colony type was evident and contained Gram positive  cocci which were 
catalase pos it ive  and by a s l ide  t e s t  co-agulase negative.
There were le s s  than 10^ coliform colonies per/g of pharyngeal lymph 
node (1 colony on th re e  TGX agar p la t e s  spread  in o c u la te d  w i th  0.1ml of a 
10”  ^ suspension of lymph node). A sub cu ltu re  of th is  i s o la te  agglutinated 
in absorbed antiserum to  E*. c o li  B41 and to  the K99*" v a rian t  o f c o l i  B41. 
I t  a lso  a g g lu t in a te d  w ith  an tiserum  to  som atic  a n t ig e n  0101 bu t not w ith  
absorbed antiserum to  E. co li  K12 K99. Consequently th is  i s o la t e  was a K99" 
v a r ia n t  of E*. c o l i  B41 which produced th e  a n io n ic  a n t ig e n .  C loser
examination of the coliform colonies on a p la te  fromthe l a s t  faecal sample 
showed th a t  of 2.1 x 109 to ta l  colonies, 4.1 x 108 (approximately 20%) had a 
colony morphology s i m i l a r  to  th e  K99“ v a r i a n t  of E. c o l i  B41 d e sc r ib ed  in  
Section 1 (2-4mm in diameter, round wih a rough edge). 10 of these colonies 
were su b c u ltu re d  and were K99“ . Sera from the  c a l f  a t  necropsy in h ib i te d  
brush border adhesion  by E. c o l i  B41, had a t i t r e  o f 70 in  the  b lock ing  
immunoradiometric assay and reacted in a double immunodiffusion t e s t  with 
c e l l - f re e  K99 from co li  K12 K99.
(c) The a b i l i ty  o f  c o lo s tra l  whev to  opsonise K92± E*. c o l i  in  v i t r o .
Colostral whey was available from 3 of the 4 dams of the conventional 
ca lves  used in  experim en ta l  in f e c t io n s  w ith  E*. c o l i B41 and B44. In
r e p l i c a t e  assays of opsonic  phagocytosis  a l l  3 wheys opsonised  E. c o l i  B41
and B44 and caused 98-99% b a c t e r i a l  k i l l i n g .  T i t r e s  o f opsonic a c t i v i t y  
were between 50 andlOO (caused g r e a te r  than 98% k i l l i n g  d i lu t e d  1/50 bu t 
l e s s  than 98% k i l l i n g  d i lu te d  1/100). The se ra  from a l l  4 conv en tiona l 
calves used in  ex p e r im en ta l  in f e c t io n s  had t i t r e s  between 50 and 100 in  
assays of opsonic  phagocy tosis  in d ic a t in g  t h a t  th e  c a lv e s  had absorbed 
opsonins from co lo s tru m . Serum from a g n o to b io t ic  c a l f ,  which d id  not 
rece iv e  co lo s trum , did  not con ta in  opsonins. One c o l o s t r a l  whey was no t 
opsonic unless d i lu ted  1/10 or 1/50 indicating  a prazone phenomenon. This 
has been observed by Dr. C. Howard (IRAD) in a ssay s  of opsonins f o r  E. c o l i  
in bovine serum (personal communication).
I n s u f f i c i e n t  whey rem a in ed  t o  c o n t in u e  c h a r a c t e r i s a t i o n  of 
o p so n isa t io n .  Consequently, whey was e x t r a c te d  and pooled from the
colostrum  of 2 cows taken  on th e  f i r s t  day p o s t  par turn and s to re d  in
aliquots a t  -70°C. In the blocking immunoradiometric assay fo r  antibody to  
K99 and in t e s t s  of inh ib ition  of adhesion of K99+ E*. c o l i  to  brush borders 
there was no evidence of antibody to  K99 in  the pooled whey. In re p l ic a te  
t e s t s ,  of opsonic  phagocy tosis  of E. c o l i  B41 and B44 pooled whey caused 
greater than 95% bac te r ia l  k i l l in g  a t  t i t r e s  between 50 and 100. In a t e s t  
of opsonic p h ago cy to s is  th e  number of JE*. c o l i  B41 in  th e  su p e rn a ta n t  
fraction  dropped by 95% a f te r  105 min. This did not occur when fo e ta l  c a l f  
serum was s u b s t i t u t e d  fo r  whey or i f  heated polymorphonuclear leucocytes 
were used (Fig. 22). In ly sa tes  of s e q u e n t ia l ly  sampled polym orphonuclear 
leucocytes which had been mixed with E*. coliB41 im the presence of c o lo s tra l  
whey and washed numbers of i n t r a c e l l u l a r  E. c o l i  B41 were reduced by 90%
F i g u r e  22.  R e d u c t i o n  o f  numbers  o f  E s c h e r i c h i a  c o l i  B41 i n  t h e  s u p e r n a t a n t  
f r a c t i o n  o f  a  t e s t  o f  o p s o n ic  p h a g o c y t o s i s
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A= s u p e r n a t a n t  f r a c t i o n  o f  f o e t a l  c a l f  serum + p o l y m o r p h o n u c le a r  
l e u c o c y t e s  + E s c h e r i c h i a  c o l i  B41.
B= s u p e r n a t a n t  f r a c t i o n  o f  c o l o s t r a l  whey + p o l y m o r p h o n u c le a r  
l e u c o c y t e s  + E s c h e r i c h i a  c o l i  B41.
c f u  = c o lo n y  f o rm in g  u n i t s
a f t e r  45 min (Fig.23).
In r e p l ic a te  t e s t s  E. co li  B41 grown a t  18°C absorbed the  opsonins from 
whey for bac teria  grown a t  37°C. I t  w il l  be reca lled  a t  K99 i s  not produced 
a t  18°C and t h i s  r e s u l t  showed t h a t  an tibody to  K99 was n o t  involved in  
opsonisation.
E. c o l i  s t r a i n s  K12, 0205, Y9 8 7 , Y969 and YQ48, S e r r a t i a  marcescens. 
Salm onella  d u b l in T Pro teus  m i r a b i l i s ,  S taphylococcus au reus  and Staph, 
epidermidis were a l l  opsonised by the pooled whey a t  t i t r e s  between 50 and 
100 bu t c o l i  Z6 was not. E  ^ c o l i  Z6 produces a l a r g e  capsu le  which 
causes r e s i s t a n c e  to  phagocy tosis  excep t in  th e  presence  of antibody to  
capsule  ( H i l l ;  pe rsonal communication). In  r e p l i c a t e  t e s t s  E. c o l i  K12 
absorbed opson ins to  E. c o l i  B41 and E. c o l i  B44 (Fig. 24). E. c o l i  K12 
does not produce somatic 0 or capsular K antigens ind ica ting  th a t  opsonins 
in  whey were not specific  for these substances. Staphylococcus aureus and 
Staph.epidermidis could absorb opsonins for each other. However only Staph, 
aureus absorbed opsonins to  E. c o l i  B41 and B44 (Fig. 24). E. c o l i  could 
not absorb opsonins fo r  Staphylococcus spp.
Opsonins were not destroyed  by h ea t in g  a t  56°C fo r  120 min which 
indicated th a t  opsonisation was not dependent on the c la s s ic a l  or a l te rn a te  
complement pathways (L in sc o t t  and T r ig l i a ,  1981; Pang and Aston, 1977; 
Howard, 1981). Resistance to  th is  heating, however was cons is ten t  with the 
opsonins being immunoglobulin. Opsonins were p rec ip ita ted  in  the presence 
of ammoniumsulphate s a tu ra te d  to  45% but could not be d e te c te d  in  the  
supernatant frac tion .
Opsonins p rec ip ita ted  from the pooled whey and from a th ird  whey which 
did not contain antibody to  K99 were placed on a Sephacryl S300 column. The 
frac tio na tion  profile , is  depicted in Fig. 25. Only e lu a tes  1 and 2 of the 
pooled whey con ta ined  opsonins which caused g r e a t e r  than  95% b a c t e r i a l  
k i l l i n g  u n d i lu te d  and 80% b a c t e r i a l  k i l l i n g  when d i lu te d  1/10. In double 
d i f fu s io n  t e s t s  w ith  an tiserum  s p e c i f i c  fo r  d i f f e r e n t  c l a s s e s  of bovine 
immunoglobulin, e lua tes  1 and 2 contained IgM and e lua te s  2 and 3 contained 
IgG, IgA was not detected. Only e lua te  1 of the 3rd whey contained IgM and 
opsonins which caused greater than 97% k i l l in g  of E*_ c o l i  B41 and B44.
F ig u r e  23 . R e d u c t io n  o f  numbers o f  E s c h e r i c h i a  c o l i  B41 i n  l y s a t e s  
o f  p o ly m o rp h o n u c le a r  l e u c o c y t e s  w hich had been  in c u b a t e d  
w i th  b a c t e r i a  i n  t h e  p r e s e n c e  o f  c o l o s t r a l  whey and washed 
and th e n  i n c u b a t e d .
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Figure 24. Tests of opsonic phagocytosis of K99+ Escherichia coli 
by pooled colostral whey lacking antibody to K99.
% Killing (number of tests 
Test with standard, deviation)
Whey + hPMN + E. coli B41 0 (7;59)
FCS + PMN + E. coli B41 -100 (7;44)
Whey + PMN + E. coli B41 +99.8 (7;0.1)
h Whey + PMN + E. coli B41 ‘ +99.7 (4;0.2)
45% saturated AS precipitate +99.2 (2;1.4)
of whey + PMN + E. coli B41
IgM fraction of whey + PMN + E. coli B41 +98.1 (3;0.7)
Whey + PMN + E. coli K12 +99.9 (4;0.04)
*T»
Whey + PMN + Serratia marscens +99.8 (1)
" 11 Salmonella dublin +99.3 (1)
— «JU
M ” Proteus mirabilis +98.7 (1)
M ” Staphylococcus aureus +99.9 (4; 0.01)
•JU
M " Staph, epidermidis +99.8 (3;0.04)
Whey (E. coli K12 abs ) + PMN + E. coli B41 -170 (5;125)
" (Staph, aureus abs) " 11 " -180 (4;83)
” (Staph, epidermidis abs )+ PMN + E. coli B41 +98.1 (3:0.8)
11 ( " ) + " + Staph, aureus -119 (2;5)
* Results calculated with respect to their own controls which are 
not shown here.
PMN «= polymorphonyclear leucocyte; h = heated at 56°C for 2 hours.
AS = ammonium sulphate; Whey (E. coli abs) = whey absorbed with E. coli 
at 56°C for 2h.
FCS = foetal calf serum previously heated at 56°C for 2h.
Whey = colostral whey diluted 1/10 in FCS.
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Figure 25. Elution profile of colostral whey fractionated on a 
Sephacryl S300 column.
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SDS-PAGE analysis  of eluate  1. revealed two polypeptides of MW 26,200 
and 69,200. These may have represented the l ig h t  and heavy chain subunits 
of IgM. Eluate 1 trea ted  with sample buffer lacking 2-mercaptoethanol did 
not enter the  SDS-PAGE gel which i s  consis ten t with the assembled s truc tu re  
of IgM. The molecular weight of the  bovine IgM heavy chain i s  54,400 (Beale 
and B uttress , 1972). The 12% carbohydrate-moiety of th i s  polypeptide would 
cause over estim ates of molecular weight by SDS-PAGE.
-The most probable contaminant of IgM was alpha-2-macroglobulin which 
would have been rep re se n te d  in  SDS-PAGE h y a l in e  e q u iv a le n t  to  m olecu lar 
weight 120,000 -  180,000 (Hudson and Koo, 1982).
A utoradiographs of Western b l o t s  o f SDS-PAGE g e ls  incuba ted  w ith  
rad io labelled  opsonic IgM showed th a t  the IgM reacted with polypeptides in  
c e l l - f r e e  e x t r a c t s  o f E. c o l i  B41 and B44. Absorption w ith  Staph, aureus 
did in to  reduce the a b i l i ty  of IgM to  rea c t  with these polypeptides. This 
suggested th a t  IgM th a t  reac ts  with these polypeptides i s  not opsonic.
(d) I n f e c t io n  o f  co lostrum  deprived  co n v en tio n a l  c a lv e s  w ith  107 K9Q* E. 
c o l i .
2 c a lv e s ,  deprived  of co los trum , and in fe c te d  w ith  1.6 x 10? E. c o l i
B44 a t  11 and 4h post partum had watery d ia r rh o e a  ( f a e c a l  dry w eigh t l e s s
than 5%) by 24h pos t  in fe c t io n .  They became sev e re ly  dehydrated  (w ith  
sunken eyes; skin remained tented when pinched gently) and were moribund by 
72 and 48h p os t  in f e c t io n .  Meconium from both c a lv e s  o b ta in ed  b e fo re
in f e c t io n  in o c u la te d  on MacConkey agar con ta ined  no b a c te r i a .  From the  
f i r s t  sign  o f  d ia r rh o e a  u n t i l  necropsy fae ce s  con ta ined  g r e a t e r  than 10^ 
K99+ Et c o l i / g. Thebacteriological examination of necropsy samples i s  shown
in Table 4. Results of enzyme linked immunosorbent assays fo r  bovine ro ta  
and corona v i r u s e s ,  kindly  done by Dr. D. Reynolds (IRAD), rev e a le d  
r o ta v i ru s  in  th e  faeces  of both c a lv e s  and in  a l l  sam ples o f  i n t e s t i n a l
contents and mucosal scrapings. The large  number of K9Q+ E. c o l i  associated  
with the i l e a l  mucosa of c a l f  1 (Table 4) indicated th a t  diarrhoea in t h i s  
case was c a u se d ,a t  l e a s t  in  p a r t ,  by th e se  b a c te r i a .  However, the  
r e l a t i v e l y  low number of KQQ+ E. c o l i  a s s o c ia te d  w ith  th e  i l e a l  mucosa of 
c a lf  2 (Table 4) indicated tha t diarrhoea in th is  case was large ly  caused by 
rotav irus in fec tion .
Table 4 Number of colony forming units on MacConkey agar in necropsy
samples from ' conventional calves deprived of colostrum.and infected 
with Escherichia coli B44.
Sample from 
Small intestine
11 i i
i i  i i
Caecum
Colon
Site
(upper)
contents
mucosa
Colony forming units/g 
Calf 1 Calf 2
8.3 x 10' 
- 5.0 x 10'
5
(mid)
contents
mucosa
1.3 x 10 
Q*
10 x 10*
3.0 x 10
3.0 x 10'
8
9 contents 2.3 x 10'
(lower) mucosa 2.3 x 108
2.0 x 10
3.0 x 10(
8
contents
mucosa
1.1 x 10 
3 .0 x 10(
9*
contents
mucosa
6.7 x 10 
7.0 x 10'
8 1.2 x 10 
3.0 x 10(
9
f  10/10 colonies subcultured on TGX agar produced K99.
4e ) I n f e c t io n  o£ conven tiona l c a lv e s  fed controlled  amounts of colostrum
and infected with 1q9 KQQ+ E. c o l i .
1 c a l f  fed 1L of i t s  dams colostrum  and in o c u la te d  o r a l ly  3h pos t  
partum with109 E. c o l i  B44 was moribund by 18h p o s t  i n f e c t io n  w ith  w atery  
diarrhoea th a t  had caused severe dehydration (sunken eyes, ten ting  of skin). 
The re s u l ts  of bacterio log ical examination are given in  Table 5. Rota and 
corona v iruses  were not detected in necropsy samples. The high numbers of 
K99+ ik  co li  associated w ith  the i l e a l  mucosae indicated th a t  the diarrhoea 
was caused by these bacteria. This c a l f  was not bacteraemic ju s t  p rio r to  
necropsy because blood c u l tu r e s  in  n u t r i e n t  b ro th  were n eg a t iv e . Whey 
e x tra c te d  from dams colostrum  caused 99.9% b a c t e r i a l  k i l l i n g  in  t e s t s  o f  
opsonic phagocy tosis  of Ek c o l i  B44 a t  a t i t r e  between 50 and 100. 
C o lo s tra l  whey did no t co n ta in  antibody to  K99 as judged by a b lock ing  
immunoradiometric assay and t e s t s  of i n h i b i t i o n  of K99+ E. c o l i  to  brush 
borders.
A second c a l f  a t  1h p o s t  partum was fed 1L of i t s  dams co lostrum  
containing 1g of i t s  dams faeces. At 12h post partum the c a l f  was fed 1L of 
i t s  dams colostrum  and o r a l ly  in o cu la ted  w ith  9.2 x 10^ E. c o l i  B44. The 
c a lf  showed no signs of diarrhoea (faecal dry weights were g rea te r  than 15%) 
a f t e r  4 bays even though K99* E. c o l i  comprised 30, 90, 90 and 80% o f th e  
t o t a l  number of l a c to s e  fe rm en tin g  c o lo n ie s  on MacConkey agar which 
f lu c tu a te d  from 3.7 x 10? to  4-6 x 10^ colony forming u n i t s / g  o f fa e c e s .  
Whey extracted from i t s  dams colostrum did not contain antibody to  K99 as
judged by a b locking im m unoradiom etric  assay and t e s t s  o f i n h ib i t i o n  o f  
adhesion of K99+ i k  c o l i  to  brush bo rders . C o lo s t r a l  whey caused 99.9% 
b a c t e r i a l  k i l l i n g  a t  a t i t r e  of 50 in  t e s t s  o f  opsonic p h ag o cy to s is  o f E. 
c o l i  B44.
Table 5. Numbers of colony forming units on MacConkey agar in necropsy 
samples from a conventional calf fed colostrum and infected 
with Escherichia coli B44.
Sample from 
Small intestine
i i  i i
ti n
i i  i i
Caecum
Colon
Site Colony forming units/g
(upper)
contents
mucosa
4.4. x 10" 
1.6 x 108
5
(mid)
contents
mucosa
6.4 x 10' 
4.3 x 10'
7 contents
mucosa
4.1 x 10' 
4.6 x 10'
9 contents
(lower) mucosa
Not available 
4.3 x 109
contents
mucosa
4.1 x 10' 
2.6 x 10
8
contents
mucosa
5.1 x 10'
2.2 x 108
* 10/10 colonies subcultured onto TGX agar produced K99
(f)  The e f f e c t  o f E. c o l i  i s o l a t e d  from c a l f  fae ce s  on the  growth o f  KQ9+ 
E. c o l i .
In th e  e a r l i e r  p a r t s  of t h i s  S ec tion  i t  was shown t h a t  a c a l f  fed 
colostrum and infected with KQQ+ E. c o li  developed diarrhoea w h ils t  another 
c a l f  given co lostrum  plus a suspens ion  o f  fae ce s  from i t s  dam did no t. 
These r e s u l t s  suggest t h a t  the  fa e c e s  may have been a n ta g o n is t i c  to  th e  
colonisation of the gut by the K99+ JL c o l i .
■ E. c o l i  produce phages and c o l i c i n e s  t h a t  may a f f e c t  the  growth o f  
other E*. c o l i . E. co li  R664 was iso la ted  from the faeces of a c a l f  p r io r  to  
in f e c t io n  w i th  E. c o l i  B41 and from which E. c o l i  B41 was no t r e i s o l a t e d .  
This s t ra in  seemed po ten tia lly  useful in a mixed batch cu ltu re  system which, 
i t  was hoped, might detect antagonism towards K99+ E*. co li
In cu ba tion  of n u t r i e n t  b ro th s  in o c u la te d  w ith  E. c o l i  B41 or R664, 
s e p a ra te ly ,  showed t h a t  a lthough  both s t r a i n s  were p re s e n t  in  com parable 
numbers a t  1h post inoculation a f t e r  12h R664 grew to  g rea ter numbers than 
B41. From 24h to  384h po s t  i n f e c t i o n  E*. c o l i  R664 and B41 grew to  
comparable numbers. The growth of E. c o l i  R664 was a t  s t a t io n a r y  phase 
approximately 12h before E*. c o l i  B41 (Fig.26).
N u tr ien t  b ro th s  were in o c u la te d  w ith  E. c o l i  B41 and R664 to g e th e r .  
A liquots  were removed a t  timed i n t e r v a l s ,  d i lu t e d  and in o c u la te d  on to  
MacConkey agar and MacConkey agar with added oxytetracycline to  which R664 
was s e n s i t iv e  revea led  t h a t  R664 reached s t a t io n a r y  phase a f t e r  12h 
p o s t in fe c t io n .  However, E. c o l i  B41 f a i l e d  to  grow a f t e r  t h i s  t im e  and 
because of i t s  slower growth ra te  remained in  numbers -10-20% lower than E. 
c o l i  R664 a f t e r  384h c u l tu r e  (Fig. 26). The t o t a l  numbers o f  v i a b l e  c e l l s  
reached by both s t ra in s  when grown separately was comparable and probably 
represented the  maximum amount of growth th a t  the medium would support. The 
lower number o f E*. c o l i  B41 in  mixed c u l tu r e  was probably caused by 
depletion of nu tr ien ts  or in h ib it ion  of growth due to waste products which 
resu lted  from the fa s te r  growth of E^  co li  R664. No s ig n if ic a n t  reductions 
in viable  numbers of E. co li  B41 or d ifferences in  growth ra te  were observed 
in  mixed c u l tu r e  t h a t  did not occur in  s in g le  c u l tu r e  thus p ro v id in g  no 
evidence of active  antagonism.
Figure 26. The growth of Escherichia coli B41 in nutrient broth and 
in nutrient broth with Escherichia coli.R664.
M—
8 12 24 48 384
Time (h)
cfu = colony forming units
Results are recorded as the mean of three broths and*were applicable 
standard deviations are illustrated.
0  Broth cultures of E. coli R664 inoculated onto 
MacConkey agar at timed intervals.
□  Broth cultures of E. coli R664 and B41 inoculated 
onto MacConkey agar at timed intervals.
0  Broth cultures of E. coli B41 inoculated onto 
MacConkey agar at timed intervals.
o  Broth cultures of E. coli R664 and B41 inoculated 
onto MacConkey agar containing oxytetracycline to 
which E. coli R664 is sensitive.
Although d i f f e re n c e s  in  growth r a t e  in  batch c u l tu r e  may not be 
rep resen ted  by growth in v iv o ,a su p e r  in f e c t in g  pathogenic  E. c o l i  w ith  a 
specific  a f f in i ty  for the in te s t in a l  mucosa could compete successfully  with E. 
c o l l  of the n a tu ra l  f l o r a  w ith  a f a s t e r  growth r a t e  ( F re te r  e t  a l . ,  1983). 
Presumably t h i s  would be the  s i t u a t i o n  between E. c o l i  B41 and R664; E. c o l i  
B41 might a ttach  to  the in te s t in a l  mucosa through K99 and would not be washed 
out by the  f a s t e r  growth r a t e  o f  E. c o l i  R664. Other members of th e  n a tu r a l  
f lo ra  may have been responsible for the fa i lu re  of E. c o li  B41 to  e s ta b l ish  in  
the c a l f  from which co li  R664 was iso la ted . The ro le  of the natural f lo ra  
in  r e s i s t a n c e  to  d is e a s e  may be complex. Although a s in g le  sp e c ie s  such as  
Lactobacillus bulgaricus may a ffec t  diarrhoea caused by c o l i  by reducing 
the pH jin vivoT or by production of antagonists of enterotoxin (Mitchell and 
Kenworthy, 1976; Mann e t  a l. ,  1980) combinations of antagonistic  b ac te r ia  are  
most e ffec tive  in the prevention of diarrhoea (Ezhinov e t  a l . ,  1980).
Section 5. A_ Survey of Outbreaks of Diarrhoea in Calves for Enteropathogenic 
Escherichia co li  During the Winters of 1981/82 and 1982/83.
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A. In troduction .
A search  fo r  K99+ JL. c o l i  was made as p a r t  of a m u l t i d i s c i p l in a r y  
investigation  of the a s so c ia t io n  of e s ta b l i s h e d  and p o t e n t i a l l y  pa thogen ic  
microorganisms with natural outbreaks of diarrhoea in calves. Tnis followed 
the development of tec h n iq u e s  t h a t  a llow ed the  d e te c t io n  of a number of 
microorganisms.
I am indebted to  the farmers and veterinary  practicUoners involved whose 
cooperation was indispensib le  and to  Dr. D. Reynolds and Mr. J. Morgan fo r  the 
o rg a n is a t io n  of v i s i t s  to  farm s and th e  c o l l e c t io n  o f  sam ples. Dr. D. 
Reynolds in v e s t ig a te d  sam ples fo r  R o tav iru se s  and C oronav iru ses ,  Dr. J. 
Bridger for Newbury agent, Mr. J. Morgan fo r  Campylobacter and Cryptosporidium 
and Mr. P.W. Jones fo r  Salmonella spp.
B. Methods,
D etec tion  o f  KQQ* E. c o l i . Samples of faeces  were in o c u la te d  onto  
MacConkey agar and incubated a t  37°C fo r  I8h. Ten lac tose  fermenting colonies 
were then indiv idually  subcultured onto TGX agar and incubated a t  37°C for 6h.
A smooth em ulsion o f  each b a c t e r i a l  growth was made in  s a l in e  on a g la s s  
s l id e .  A loop of r a b b i t  an tise ru m  to  K99 was added to  the  em ulsion and the  
slide  was gently rocked. I f  bac te ria  agglutinated the procedure was repeated 
w ith  r a b b i t  serum t h a t  lacked  antibody to  K99. I f  b a c t e r i a  d id  no t 
agglutinate in th i s  serum the f i r s t  reaction was considered to  represent the  
d e te c t io n  of K99. I f  b a c t e r i a  a g g lu t in a te d  in  non immune r a b b i t  an tise ru m  
then the agglu tination  with antiserum to  K99 was considered to  be non sp ec if ic  
and did no t r e p r e s e n t  the  d e te c t io n  o f  K99. During th e  w in te r  o f  1981/82 
antiserum  to  K88 and 987p was in c o rp o ra te d  as a pool w ith  an tise rum  to  K99. 
I f  a p o s i t iv e  a g g lu t in a t io n  occu rred  then the  t e s t  was re p e a te d  w ith  each 
antiserum separately.
Antisera. The production of an tise ra  in rabb its  i s  described in Section
1. Antiserum to  JL. c o l i  B41 absorbed with bacteria  grown a t  18°C was in  th i s  
section called  antiserum to  K99 although i t  would also  cause aggutination of 
E. coli tha t  produced the anionic adhesin but not the antigen K99.
Antisera to  K88 and 987p were kindly provided by Dr. R. Sellwood.
Detection of Rotavirus and Coronavirus and Newburv agent. Rotavirus and 
Coronavirus were detected by a separate enzyme linked immunosorbent assay and 
Newbury agent by i t s  morphology in  e lectron microscopic examinations.
D etec tion  o f  Cam pylobacter s p p .  Campylobacter s p p .  were detected a f t e r  
culture of faeces on Preston medium (Bolton and Robertson, 1982).
D e tec tio n  o f  C ryptosporid ium . Cryptosporidium  was detected by oocyste 
morphology in  Giemsa stained smears of faeces.
D e tec tion  o f  S a lm onella  s p p .  Salm onella  s p p  were d e te c te d  a f t e r  
enrichm ent of fa e c e s  in  Rappaports and S e le n i te  b r i l l i a n t  green b ro th s  
in o cu la ted  in  p a r a l l e l  and in cuba ted  a t  37° and 43°C, r e s p e c t iv e ly ,  and 
subculture on b r i l l i a n t  green agar incubated a t  37°C.
Haemagglutination . t e s t s . T es ts  fo r  the  production of mannose r e s i s t a n t  
haemagglutinins are de ta iled  in  Section 1.
Brush bo rder  adhesion t e s t s . T es ts  fo r  adhesion to  i s o l a t e d  brush  
borders of c a l f  i l e a l  enterocytes are deta iled  in  Section 1.
P rep a ra t io n  and e x p e r im e n ta l  in f e c t io n  of g n o to b io t ic  c a lv e s . This 
procedure i s  de ta iled  in  Section 2.
P rep a ra t io n  o f  b a c t e r i a  fo r  in o c u la t io n  o f  c a lv e s . This p rocedure  i s  
detailed in  Section 2.
Suckling mouse t e s t  f o r  th e  d e te c t io n  o f  hea t  s t a b l e  e n te r o to x in . The 
method described in  Section 4 was used.
Serotvping of KQQ4- E. c o l i . Serotyping was kindly done by Dr. J. Morris.
Antibiotic s e n s i t iv i ty  tes ting . Sensitiv ity  of bac te ria  to  a n t ib io t ic s  
was examined by the d isc  d iffusion  method on diagnostic s e n s i t iv i ty  te s t in g  
agar (Oxoid) using  M ultod iscs  (Gxoid). The r e s u l t  of a zone of i n h ib i t e d  
growth 4mm grea ter  in diameter than the diameter of the d isc  was a r b i t r a r i l y  
recorded as sensitive .
C. Results and Discussion.
(a ) The frequency o f  a s s o c ia t io n  o f  KQQ'1' E. c o l i  w ith  d ia r rh o e a  in  c a lv e s  
during the winter o f 1981/82.
As a r e s u l t  o f v i s i t s  t o  35 fa rm s,702 samples of f a e c e s  485 from c a lv e s  
w ith d ia r rh o ea  were t e s t e d  fo r  the  presence of K99+ E*. c o l i . As a 
consequence 7,020 individual i so la te s  were tested by s l id e  agg lu tin a tion  for 
K99, an ion ic  adhesin , K88 and 987p. None of the  i s o l a t e s  produced K88 and 
987p. Only 3 i s o l a t e s  produced K99, all- from the  same sample. This sample 
was from a hea lth y  c o n ta c t  of th e  l a s t  of a s e r i e s  o f  9 c a lv e s  on one farm 
reported to  have suffered a diarrhoea th a t  caused rapid dehydration th a t  was 
f a t a l  w i th in  the  f i r s t  24-36h o f  l i f e ,  ty p ic a l  of i n f e c t i o n  by e n te r o to x in  
producing E. c o l i . In th e  case  of th e  rem aining sam ples from c a lv e s  w ith  
d iarrhoea  the  farm s had no h is to ry  of t h i s  type of case . The K99+ E. c o l i  
did not produce the anionic adhesin and otherwise produced somatic antigen 09 
and capsular antigen K35. Enterotoxigenic E. co li th a t  produce 09 and K99 but 
lack  the  an io n ic  adhesin  have been d e te c ted  p rev io u s ly  (M o rr is ;  p e rso n a l  
communication). Results of a suckling mouse t e s t  showed th a t  the K99+ jL_ c o l i  
produced h e a t  s t a b le  e n te ro to x in  (gut to  rem aining body w e igh t r a t i o  of 
greater than 0.09 compared with a negative control of le s s  than 0.05).
Data from the  rem ain ing  farm s were analysed on an ou tb reak  b a s i s  and 
therefore, the r e s u l ts  were included on the a rb itra ry  lower l im i t  of four or 
more sam ples from c a lv e s  w ith  d ia r rh o ea  per farm. A c l a s s i f i c a t i o n  o f  the  
c a l f  management system s o f  th e s e  farm s i s  shown in  Table 6. An a n a ly s i s  of 
the microorganisms detected on the  19 farms from which four or more diarrhoea 
samples were o b ta in ed  i s  shown in  Table 7. S t a t i s t i c a l  a n a ly se s  o f the  
a s s o c ia t io n  of d e te c t io n  of a p a r t i c u l a r  microorganism  w ith  d ia r rh o e a  in  
calves i s  in  Table 8 and was done by Dr. D. Reynolds.
The poor detection  ra te  of K99+ E. co li  may have been due to  the  wide use 
of o ra l  and sy s tem ic  a n t i b i o t i c s .  The absence of evidence f o r  the  c l i n i c a l  
signs of th i s  type of diarrhoea, however, indicated th a t  K99+ E. c o l i  induced 
diarrhoea was rare. This would provide an explanation of the low incidence of 
antibody to  K99 in sera  described in Section 3.
Since Campylobacter i s  considered to  be of l i t t l e  pathogenic importance 
(Table 8) and in many instances more than one pathogen was iso la ted  from the 
same sample, in  a t  l e a s t  60/244 cases  no pathogen could be i s o l a t e d .  
Consequently in a t  l e a s t  20% of cases  of c a l f  d ia r rh o e a  th e r e  was no 
association with a recognised pathogenic agent. This diarrhoea may have been 
due to n u tr i t io n  or associated with a n t ib io tic  treatm ent of a previous episode 
of diarrhoea or some other disease. A lternatively, some of the diarrhoea may 
have been caused by un iden tified  pathogens. On twelve of 19 farms flecks  of 
blood w ere  o b se rv e d  in  t h e  f a e c e s  of some c a l v e s  w i t h  d i a r r h o e a .  
E xperim en ta lly ,  r o t a v i r u s  co ronav iru s  and Newbury agen t do no t produce 
dysentery (Dr. J. Bridger; personal communication) and salmonellae which do,were 
detected on only 3 of the 19 farms.
(b) A p re l im in a ry  search  fo r  K99~ E. c o l i  t h a t  may cause d ia r rh o e a  amongst 
cultures co llec ted  during the w inter of 1981/83.
E. c o l i  t h a t  a re  pa thogen ic  fo r  a v a r ie ty  of h o s ts  and cause d i f f e r e n t  
diseases often produce mannose r e s i s ta n t  haemagglutinins. I t  was, therefore , 
decided to  inves tig a te  production of mannose r e s i s ta n t  haemagglutinins amongst 
E. c o l i  i s o l a t e d  from cases  of c a l f  d ia r rh o e a  from which no pathogens were 
iden tified .
Table 6. A c l a s s i f i c a t i o n  of c a l f  management system s on farms
v is i t e d  during  th e  w in te r o f 1981/82.
Category of 
Results
Calf Management System (no. of farms)
Home bred 
Dairy Beef
Market purchased Total
Visited 10 16
Four or more acute 
cases of diarrhoea
12
Four or more acute 
or treated cases of 
diarrhoea
Total farms yielding 9 3 7 19
four or more samples
Overall total visited 19 5 11 35
Table 7 P o te n t ia l ly  pa thogen ic  m icroorganism s d e tec te d  from farm s
v i s i t e d  d u ring  th e  w in te r o f 1981/82
Microorganisms No. of farms tested No. positive
Bovine rotavirus 19 17
Bovine corona virus 19 10
Newbur y agent 18 6
K99+ Escherichia coli 19 0
Salmonella spp 19 3
Campylobacter spp 11 9
Cryptosporidium spp 18 10
Only farms that yielded four or more samples from calves with diarrhoea 
are recorded.
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F if ty  ,nine i s o l a t e s  from 59 cases  of c a l f  d ia r rh o e a  from 11 farm s were 
examined fo r th e i r  a b i l i ty  to cause the agglutination of sheep, horse, guinea- 
pig and human 0 e ry th ro c y te s  in  th e  presence of 1% D-mannose and fo r  
adherence to  brush borders. None caused a g g u l t in a t io n  of sheep, horse  or 
guinea pig e ry th ro c y te s .  Twenty one, however, caused mannose r e s i s t a n t  
a g g lu t in a t io n  of human e ry th ro c y te s ,  only one of-w hich  adhered to  brush 
borders , and were de rived  from 7 farms. Between 3 x 10^ and 7 x 10^ colony 
forming u n i ts  of 7 E*_ co li  th a t  produced a mannose r e s i s t a n t  haemagglutinin, 
each iso la ted  on a d if fe ren t  farm, were o rally  inoculated in to  a gnotobiotic 
c a l f  1d of age.
The c a l f  was normal for 24h post in fec tion  but by 30h was moribund with 
no sign of diarrhoea and was examined a t  necropsy. Inoculation of blood onto 
MacConkey agar incubated  a t  37°C fo r  I8h produced an abundance of l a c to s e  
ferm eting  c o lo n ie s .  Since the  c a l f  was g n o to b io t ic  i t  could be considered  
t o t a l l y  s u s c e p t ib le ,  lack in g  m a te rn a l ly  aqu ired  p a s s iv e  immunity. The 
presence of an E,. co li  in  the inoculum with a po ten tia l  to  cause septicaemia 
would have g iven  th e  r e s u l t  observed. Over 24h however, e lap sed  between 
inoculation and necropsy. Bacterological examination of t is su e s  (Table 9) did 
not reveal large  numbers of c o li  th a t  would represent co lon isa tion  of the 
a lim en tary  t r a c t  of the  kind t h a t  would be expected  a f t e r  24h in f e c t io n  by 
K99+ E. c o l i . One of the  d isadvan tages  of using  a pooled inoculum i s  th e  
p o s s ib i l i t y  t h a t  one of the components might be se v e re ly  a n ta g o n i s t i c  to  
growth and a c t io n  o f  any p o t e n t i a l ly  pathogenic bacteria . The intra-venous 
administration of a proprietary bovine immunoglobulin preparation used fo r  the 
p reven tion  o f  c o l i s e p t ic a e m ia  in  colostrum -deprived calves, would have the 
advantage of p rev e n tin g  se p t icaem ia  in  a g n o to b io t ic  c a l f .  However i t  may 
a lso  a f f e c t  th e  p a th ogenes is  o f en te ropathogen ic  E. c o l i . An a l t e r n a t i v e  
approach would be th e  in o c u la t io n  of g n o to b io t ic  c a lv e s  w i th  one agen t a t  a 
time, two calves per agent with one of the calves trea ted  i n t r a  venously with 
bovine immunoglobulin. Whilst the re s u l ts  of th i s  approach would be simpler 
to  in te rp re t  the expense would be prohibitive.
(c) The frequencv of a sso c a t io n  of K99+ E. c o l i  w i th  d ia r rh o e a  in  
calves during the winter of 1982/83.
As a r e s u l t  of v i s i t s  to  farms and the postage of faeces from farms, the 
f i r s t  four faeces from calves with diarrhoea sampled from 58 farms, plus any 
from calves with c l in ic a l  signs associated with enterotoxigenic b ac te r ia  were 
exmined fo r  the  p resence  of K99+ E. c o l i . In t o t a l  th e r e  were 306 fa e c e s
Table 9 Number of colony forming units on MacConkey agar in necropsy
samples from a gnotobiotic calf inoculated orally with 7 mannose 
resistant haemagglutinin producing Escherichia coli isolated 
from calves with diarrhoea during the winter of 1981/82
Sample from Site Colony forming units/g
Small intestine 1 contents
(upper) mucosa
2.8 x 10 
1.0 x 10'
5
(mid)
contents
mucosa
5.5 x 10' 
6 x 10'
9 contents
(lower) mucosa
6.3 x 10' 
1 . 0  x  10'
Colon contents
mucosa
1.1 x 10' 
2.9 x 10'
Liver 1.3 x 10
Spleen 2.2 x 10
A nutrient broth culture of blood contained Escherichia coli
samples from which 3,060 iso la te s  of E. c o l i  were tes ted  by side agglutination 
for K99. K99+ E. c o l i  were detected in  14 samples of faeces and in  most cases
a t  l e a s t  8 /10 E. c o l i  per sample produced K99. Four KQQ* E. c o l i  were from 
one farm w ith  th re e  cases  of d ia r rh o e a  which caused r a p id  d ehydra tion  in  
calves le s s  than 3d old and from one normal ca lf .  Four K99+ E. c o l i  were from 
a second farm with three cases of diarrhoea which caused rapid dehydration in 
c a lv es  l e s s  th an  3 days old and one normal c a l f  3d o ld . F ive  K9Q+ E. c o l i  
were from a t h i r d  farm w ith  fou r cases  of d ia r rh o e a  which caused rap id  
dehydration in calves le s s  than 3d old and one normal c a l f  47d old. One K99+ 
E. c o l i  was from th e  farm on which K99+ Jk  c o l i  had been d e te c te d  in  the  
previous year. This farm had sent 34 samples by post. K99+ E. c o l i  could be 
de tec ted  in  only one sample even though a l l  of the  sam ples were supposedly 
from c a lv e s  l e s s  than  3d old which had s u f fe re d  a watery d ia r rh o e a .  The 
consistency of the samples appeared normal and i t  was l a t e r  discovered th a t  
a l l  had been t r e a t e d  w ith  Apramycin. On blood agar a l l  th e  K99+ E. c o l i  
showed wide zones o f  in h ib i t e d  growth around d is c s  c o n ta in in g  Apramycin. 
Apramycin i s  a fermentation product of Streptomvces tenebrarius which has a 
unique s tru c tu re  and in h ib i ts  the growth of Gram negative bacteria . I t  seems 
l ik e ly , therefore , th a t  since a l l  of the samples were from trea ted  animals, 
faeces may have contained too few K99+ ik  co li  to  detect. Other po ten tia l ly  
pathogenic microorganisms were not detected in faeces th a t  contained K99+ E. 
c o l i .
 The^99*  E. c o l i  belonged to  t h e fo llo w in g  se ro ty p e s ;  073 or 015, K99
(073 and 015 a n t ig e n s  c ro s s  r e a c t ) ;  08, K85, K99; 0141, K85, K99. The fo u r th  
from the  farm from which an 09, K35 K99+ E. c o l i  had been i s o l a t e d  during  
1980/81 d id  no t r e a c t  w ith  09 an tise rum  a f t e r  b a c t e r i a  had been au toc laved . 
This in d ic a te d  t h a t  th e  K99+ E. c o l i  i s o l a t e d  during  1982/83 was d i f f e r e n t  
from th a t  iso la ted  the previous year.
This K99+ i k  c o l i  was i s o la t e d  a f t e r  Dr. M orris had se ro typed  th e  
previous i s o l a t e s .  All fo u r  of the  K99+ i k  c o l i  produced th e  h e a t  s t a b le  
enterotoxin detected by the suckling mouse t e s t  (gut weight to  remaining body 
weight r a t i o  g rea ter  than 0.09). The a n t ib io t ic  s e n s i t iv i t i e s  of the K99+ E. 
c o l i  a re  reco rded  in  Table 10. K99” E. c o l i  i s o l a t e d  from th e  fa e c e s  of
calves  on th e  farm from which the  0141 K99+ i k  c o l i  was i s o l a t e d  were 
r e s i s t a n t  to  a l l  but one of the  a n t i b i o t i c s  to  which th e  K9Q+ E. c o l i  were 
sensitive. I t  was r e s i s ta n t  to  trimethoprim.
.f.
Table 10 Sensitivity to antibiotics of K99 Escherichia coli isolated 
f-rom calves ’-’ith diarrhoea during the winter of 1982/83
K99+ Escherichia coli strains 
Antibiotic 073 08 0141 Undetermined
Ampicillin (5 ug) R R S R
Amoxycillin (2 ug) R R S R
Chlortetracycline (lOug) R S S R
Trimethoprim (5 ug) R R R S
Erythromycin (lOug) S R S S
Chloramphenicol (lOug) S S S R
Streptomycin (lOug) R R. S R
Apramycin C5ug) S S S S
R = resistant 
S = sensitive
* = amount of antibiotic/disc
Of ten Jk  c o li  colonies iso la ted  from calves with diarrhoea from which 
K99+ i k  c o l i  were d e te c ted  e ig h t  or more produced K99- In  the  case of 
normal calves from which K99+ .L. c o li  were detected only one in ten produced 
K99.
One of th e  c a lv e s  (24h old) from th e  f i r s t  farm from which KQQ+ c o l i  
were d e te c te d  was purchased and examined a t  necropsy. The r e s u l t s  o f 
■"•bacteriological examination a re  shown in  Table 11. Numbers o f  E. c o l i  
a s so c ia te d  w ith  th e  mucosa of the  low er ileum  were much g r e a t e r  than those  
associated with the contents of the lower ileum. This indicated colonization 
of the mucosa ra the r  than leakage of bacteria  from the contents to  the mucosae 
and was s im ila r  to  the s i tu a t io n  observed in experimentally infected calves 
(S ec tions  2 and 4).
R e su lts  o f exam ina tions of faeces  fo r  o th e r  pathogenic microorganisms 
have no t y e t  been analysed  because a t  the  tim e o f  w r i t in g  (A p r i l ,  1983) the 
survey was n o t  completed. A consensus, however, was t h a t  th e  frequency of 
i s o l a t i o n  of o th e r  m icroorganism s or t h e i r  a s s o c ia t io n  w ith  samples from 
ca lv es  w ith  or w ith o u t  d ia rrh o ea  was no t s i g n i f i c a n t l y  d i f f e r e n t  from the  
previous year .
The farm s from which K99+ i k  c o l i  had been i s o l a t e d  had a number of 
management fea tu res  in common. These were the presence of bought in stock and 
communal ya rds  w ith  deep l i t t e r  in  which c a lv e s  were born. Consequently, 
calves were in contact with adults  and other calves, some with diarrhoea, and 
were in constant contact with large amounts of recently  excreted faeces. Less 
than h a lf  of farms from which K99+ jk  co li  could not be detected adopted th is  
scheme of management. Whatever the in fec tious microorganism th is  system of 
management seemed l ike ly  to  ensure maximum exposure of suscep tib le  calves so 
th a t  even i f  d ia rrh o ea  caused by K99+ E. c o l i  i s  uncommon, i t  would most 
l ik e ly  be encountered  on t h i s  type of farm. On one farm a lthough  more than 
90% of c a lv e s  l e s s  than 21d old had d ia r rh o e a ,  l e s s  than  10% had d ia r rh o e a  
a s so c ia te d  w ith  K99+ k  c o l i - This in d ic a te d  t h a t  even under conducive 
c o n d it io n s  fo r  th e  t r a n sm iss io n  of d ise a se  c o n d i t io n s  t h a t  c o n t ro l le d  
su scep tib i l i ty  of calves to  in fec tion  with K99+ k  c o l i  were d i f f e re n t  from 
those fo r other pathogens. In addition to  fac to rs  of management the  e f fe c t  of 
inc reased  r e s i s t a n c e  w ith  age and co lostrum  feed in g  (Runnels e t  a l . ,  1980; 
Smith and H a l ls ,  1967) might account fo r  th e  observed low er in c id en ce  of 
diarrhoea caused by K99+ k  coli.
Table 11 Number of colony forming units on MacConkey agar in necropsy 
samples from a 24h old calf with diarrhoea bought from a farm
-j-
on which calves suffered diarrhoea caused by K99 Escherichia 
: coli with somotic antigen 073 or 015.
Sample from Site Colony forming units/g
Small intestine 1 contents 5.0 x 105
(upper) mucosa 1.0 x 105
IT 1! 3 contents
mucosa
less than 1 x 10 
1.0 x 107
i t  i t 5 contents 1.0 x 107
(mid) mucosa 5.0 x 107
t l  t ! 7 contents
mucosa
9.0 x 107
9*
3.7 x 10^
n  i t 9 contents 7.9 x 198
(lower) mucosa 
mesenteric lymph node
9.1 x 109 
1.4 x 102
Colon contents
mucosa
3.2 x 10 
2.7 x 10
*10/10 colonies subcultured on TGX agar produced K99.Escherichia coli 
were not cultured from a sample of blood taken before necropsy.
Dr. J. M orris was unable  to  d e te c t  K99 on two of the  four KQQ+ E. c o l i  
sen t  to  him fo r  se ro typ ing . One of th e se  two E. c o l i  had 0 and K a n t ig e n s  
c l a s s i c a l l y  a s so c ia te d  w ith  th e  p roduction  o f  K99. The method used by Dr. 
Morris d iffered  in two major respects  from those used here.
F i r s t  JE*. c o l i  was c u l tu re d  on blood ag a r ,  a medium on which K99 i s  
d i f f i c u l t  to  detect or i s  undetectable depending upon the s t ra in  of bac te ria  
used (Orskov e t  a l.,  1975). Second, s l id e  agglu tination  was detected using a 
d issecting  microscope and re la t iv e ly  thin b a c te r ia l  suspensions. In the t e s t  
used he re  i t  was found t h a t  a r e l a t i v e l y  th ic k  suspension  of b a c t e r i a  was 
req u ire d  and t h a t  i t  should be e m u ls i f ie d  w ith  as l i t t l e  a g i t a t i o n  as  
p o ss ib le .  Too th in  a suspension  or a suspension  v igo rou s ly  e m u ls i f ie d  
resu lted  in  a negative t e s t  of an otherwise K99+ culture.
Section 6. The Aetiology of Dysentery in Calves Associated with an Atypical
Escherichia c o l i .
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A. In troduction .
Dysentery was observed in calves on one of the i n s t i tu t e s  farms during 
the w inters of 1980/81 and 1981/82. A single  established  pathogen was not 
iso la ted  from a l l  cases.
An investigation  of the aetiology of the dysentery was undertaken with 
Dr. J. B ridger ( v i r a l  a e t io lo g y )  and Mr. J. Morgan (Campylobacter spp 
ae tio logy).
B. Methods.
Preparation of gnotobiotic calves. The preparation of gnotobiotic  calves 
i s  described in section 2.
Preparation of inocula .
(a) Gnotobiotic c a l f  1_ was inoculated o ra lly  with 1g of a mixture of 
two faecal samples and a pool of in te s t in a l  contents (stored a t  -70°C) from 
3 calves with dysentery (Table 12).
The pool con ta ined  co ro n a v iru s  and r o t a v i r u s ,  Newbury agen t and an 
undefined 30nm p a rt ic le .  On blood agar and chocolate blood agar incubated 
a e r o b i c a l l y ,  a n a e r o b i c a l l y  and u n d e r  m ic ro a e ro p h i l ic  (5% C02 , 30% 
atmosphere, 75% nitrogen) conditions, the inoculum contained a wide v a r ie ty  
of bacteria  in large numbers (10? -  1010/g). A culture  of inoculum, which 
had been heated a t  80°C fo r  30 min, revealed the presence of th ree  types of 
endospore producing bacteria . On MacConkey agar the inoculum contained 2 x 
10^ colony forming u n its /g  th a t  fermented lac tose , typical in  appearance, 
coloured dark red with a red p re c ip i ta te  in the  medium which surrounded the  
colonies. On MacConkey agar there were a lso  9 x 10? colony forming u n i ts /g  
t h a t  ferm ented l a c to s e ,  a ty p ic a l  in  appearance, w ith  a red c e n t r e  a c l e a r  
outer zone and no red p rec ip ita te  in  the surrounding medium. The inoculum 
was also cultured on Preston medium (Bolton and Robertson, 1982) in 5% C02 , 
30% atmosphere and 75% nitrogen- a t  43°C which-are-conditions- se le c t iv e  for- 
C am pu lobac te r  ,ie iu n i  and c o l i . The in ocu lum  c o n ta in e d  1.0 x 102* 
Campylobacter J e ju n i .  The c a l f  was in o c u la te d  between i t s  morning and 
afternoon feed on day 7 of age.
(b) Gnotobiotic c a l f  2 was inoculated o ra l ly  between feeds on day 7 of 
l i f e  w ith  an 0.22ul f i l t r a t e  o f th e  inoculum used fo r  g n o to b io t ic  c a l f  1 
(Table 12). The inoculum did not contain bac te r ia  when inoculated on blood 
agar incubated in aerobic, anaerobic or m icroaerophilic conditions.
(c) Gnotobiotic calves 3 . and .4 were o ra lly  inoculated between feeds on 
day 4 of l i f e .  The inoculum consisted of an 0.22 ul f i l t r a t e  of alimentary 
t r a c t  contents,of gnotobiotic c a l f  1 and of the inoculum of gnotobiotic  c a l f  
1, which did not c o n ta in  b a c t e r i a  a f t e r  c u l tu r e  on blood agar a t  37°C 
anaerobically or aerobically . These calves were also inoculated a t  the  same 
time w ith  1 ml of a suspension  of th e  a ty p ic a l  c o l i  and 1 ml of a
Table 12
Calf
1
2
3 & 4
Inocula used for gnotobiotic calves
Inoculum
Faeces and intestinal contents from calves with 
dysentery.
Viruses purified from the inoculum of calf 1.
Viruses filtered from the inoculum of calf 1 
and from intestinal contents of calf 1 plus an 
atypical E. coli and Campylobacter jejuni isolated 
from calf 1 and present in the inoculum of calf 1.
5,6 & 7 An atypical E. coli isolated from calf 1 
and present in the inoculum of calf 1
suspension of Campylobacter i e iu n i  c u l tu re d  from the  co lo n ic  mucosa of 
gnotobiotic c a l f  1. Suspensions of bac te ria  were made as described in  Section
2. Each c a l f  received  between 8 x 1C)9 and 1.5 x 1 0 ^  colony forming u n i t s  
of the  a ty p i c a l  E. c o l i  and between 8 x 10^ and 1.5 x 109 Campylobacter 
i e iu n i  (Table 12).
(d) G notob io tic  c a lv es  5. 6. and ]_ were o ra l ly  in o cu la ted  on day 4 of 
age with 1 ml of a suspension of the a ty p ica l  E. co li  iso la ted  from the colonic 
mucosa of c a l f  1 (Table 12). B a c te r ia  were grown on bovine blood agar a t  
37°C fo r  I8h. Each c a l f  rec e iv e d  between 8 x 1C)9 and 1.5 x 1 0 ^  colony 
forming u n i t s  of the  a ty p ic a l  E. c o l i . Calves were in o cu la te d  a f t e r  the  
morning feed, a f te r  d ilu tion  of the b ac te ria  in 4ml of s t e r i l i s e d  Carnation 
milk.
Experimental infection  of conventional mice and r a t s . Eight three  week old 
ra t s  and sixteen six week old Compton white mice were each orally  inoculated 
w ith  0.1ml of a suspension  o f  a ty p ic a l  E. c o l i  (e q u iv a le n t  to  9.8 x 10^ 
colony forming units) iso la ted  from the colonic mucosa of gnotobiotic c a l f  
1. 16 mice and 8 r a t s  were in o c u la te d  in  th e  same way w ith  109 colony
forming u n its  of E*. co li  K12.
A n tise ra  to  a ty p ic a l  c o l i  i s o l a t e d  from the  co lo n ic  mucosa of 
gnotobiotic c a l f  1 was prepared against, l iv e  bacteria  by the method of Sojka 
(1965) which i s  de ta iled  in Section 1.----- ^ ________ :________ _________
Necropsy and Microscopy. Examinations were carried  out by the methods 
in  Sec tion  2.
B a c te r io lo g ic a l  exam ination  o f  fae ce s  and necropsy sam ples . The 
methods in  Section 4 in addition to  the following procedures were used.
(a) G no tob io tic  c a l f  J_. Samples from g n o to b io t ic  c a l f  1 were 
inoculated or s e r ia l ly  d ilu ted  and spread onto blood or chocolate blood agar 
incubated in aerobic, anaerobic or microaerophilic conditions a t  37°C for 
I8h, on MacConkey agar and Sabourouds agar a t  37°C fo r  I8h. Faeces were 
heated a t  80°C for 30 min before cu ltu re  a t  37°C anaerobically on blood agar 
for the detection of endospore forming bacteria .
(b) Gnotobiotic calves 3-7. Samples from these calves were s e r ia l ly  
d i lu te d  in  s a l in e  and spread onto  MacConkey agar p la te s  ( th re e  p l a t e s  per 
d i lu t io n )  and incubated  a t  37°C fo r  I8h. Where a p p l ic a b le ,  sam ples were 
cultured on Preston medium (Bolton and Robertson, 1982) for the i so la t io n  of
Campylobacter ieiuni and Camp, c o l i .
I d e n t i f i c a t i o n  o f  E. c o l i .  The la c to s e  ferm enting  b a c t e r i a  w i th  an 
a ty p ic a l  colony morphology on MacConkey agar i s o la te d  from the  c o lo n ic  
mucosa of gnotobiotic c a l f  1 was id en t i f ie d  by Grams s ta in  by the method of 
Preston and Morrell (1962), and t e s t s  of biochemical properties described by 
Cowan and Steel (1974).
I n d i r e c t  immunoperoxidase s t a in in g  o f  s e c t io n s  o f  a l im e n ta ry  t r a c t . 
Sections of alimentary t r a c t  were stained by the in d irec t  immunoperoxidase 
method detailed  in Section 2 with antiserum to the atypical E. c o l i  iso la ted  
from the co lon ic  mucosa of g n o to b io t ic  c a l f  1 produced in  r a b b i t s  by the  
method described in Section 1. Gnotobiotic c a lf  antiserum to  ro tav iru s  and 
c o r o n a v i r u s  w ere  p roduced  by Dr. J. B r id g e r  and Dr. D. R e y n o ld s ,  
respectively.
Haemagglutination t e s t s . Methods for the assay of haemagglutinins are  
detailed in section 1.
Electron Microscopy. Techniques of shadow cast and negative s ta in in g  of 
fimbriae and bacteria  are described in section 1.
Tests for adhesion to  iso la ted  colonic rugae and i l e a l  v i l l i  of ca lves . 
The technique of G irardeau (-1980)5descr ib ed  in -S ec tio n -1 , was ex tendedJto  
include colonic rugae and the  t e s t  was done a t  20 and 37°C.
Suckling mouse t e s t  fo r  de tection  of enterotoxin. The method d e ta iled  
in Section 4 was used.
Microbacterial agglutination t e s t . Serum samples dilu ted  1/5 (0.1ml) were 
se r ia l ly  d ilu ted  1/2 accross a U bottomed m ic ro titre  tray in  0.1ml volumes 
of isotonic saline . A suspension of atypical E^  c o l i  (0.1ml of a suspension 
equ iv a len t  to  Browns tube  No. 4) was added to  each w e ll  and to  w e l l s  
con ta in ing  s a l in e  a lone . T e s ts  were incubated  a t  37°C fo r  1h fo l lo w ed  by 
I8h a t  4°C.
Scanning electronmicroscopy. Mrs. P. Bland kindly prepared samples fo r 
scanning electron microscopy and operated the microscope. Gut loops were 
supravita lly  fixed in 3% (v/v) glutaraldehyde in Milloinigs phosphate buffer
(pH 7.3). S lices of gut were d issected  in to  Milloinigs phosphate buffer for 
2h and p o s t - f ix e d  f o r  1h in  1% (w/v) M il lo in ig s  osmium te t r o x id e  (pH 7.3). 
The s l i c e s  were then t r e a te d  w ith  a m odified th iocarbohydroxide/osm ium  
procedure (M alick e t  a l . ,  1975), dehydrated to  ace tone  and c r i t i c a l  p o in t  
dried using carbon dioxide. Dried samples were coated with a th in  layer of 
platinum and viewed in a Hitachi 520 scanning electronmicroscope a t  20KV.
C. Results and Discussion.
(a) Oral inoculation of gnotobiotic c a lf  ±  with faeces and in te s t in a l  
contents from calves with dysentery.
G no tob io tic  c a l f  1 fed norm ally  and passed s o l id  f a e c e s  fo r  2d p o s t  
in fe c t io n .  On th e  3rd and 4 th  d p o s t  i n f e c t io n  the  c a l f  was ano rex ic  and 
faeces  were mucoid, watery and con ta ined  c l o t s  of blood. The c a l f  was 
examined a t  necropsy on day 5 post infection. Faeces.contained ro tav iru s  on 
day 3 and 4 pos t  in f e c t i o n  and co ro nav iru s  on day 4 po s t  in f e c t i o n .  The 
e x c re tio n  p a t te rn  of l a c to s e  fe rm en tin g  b a c te r ia  on MacConkey agar i s  in  
Table 13. The lactose  fermenting bac te ria  with a typical colony morphology 
grew from low numbers on day 1 post in fec tion  to  much g rea ter  numbers than 
the lactose fermenting b ac te r ia  with the typical colony morphology on day 4 
post infection . Campylobacter ieiuni could not be detected in  faeces u n t i l  
day 4 post in f e c t io n  when th e r e  were 3.0 x 10^/g. On blood and c h o c o la te  
blood agar incubated  a e ro b ic a l ly  the  only colony which a t t a i n e d  numbers 
h igher than 10^/g of fa e c e s  by day 4 post in f e c t io n  when su b c u l tu re d  onto  
MacConkey agar appeared-identical-w ith  the lactose-fermenting- bacteria_with_ 
an a ty p ic a l  colony morphology. On blood and c h o co la te  agar p l a t e s  
inoculated with a 10” 6 d i lu t io n  of faeces and incubated anaerobically growth 
was profuse  w ith  many colony typ es  which conta ined  m ainly Gram n e g a t iv e  
rods. Endospore forming bac teria  did not reach numbers higher than 10^/g 
faeces.
The g ro ss  appearance of the  a lim en ta ry  t r a c t  of t h i s  c a l f  in d ic a te d  
petechial haemorrhages in  the colon wall, which was thickened and was the 
only po ten tia l source of blood in the faeces. Bacterio logical examination 
of necropsy samples was complex but as an indicator of pathogenic p o ten t ia l  a 
search fo r  b a c t e r i a  t h a t  c o lo n ise d  th e  mucosae was s im p l i f i e d  by th e  
presence of la rg e  numbers of b a c t e r i a  in  mucosal sc ra p in g s .  On blood and 
chocolate agar incubated under aerobic, anaerobic or microaerophilic conditions 
the only bacteria  to  reach numbers grea ter than 10^/g of mucosal scraping of 
the colon were coliform l ik e  and when subcultured onto MacConkey agar were
Table 13. The excretion of lactose fermenting bacteria by gnotobiotic 
calf 1 that were cultured on MacConkey agar.
Day post infection
0
1
2
3
4
Typical lactose 
fermenter 
0
6.7 x 107
8.2 x 108 
4.9 x 108
4.0 x 105
Atypical lactose 
fermenter 
0 
0
3.3 x 107
5.2 x 106
1.6 x 107
Onset of dysentery = o
id e n t ic a l  in appearance w ith  th e  la c to s e  ferm enting  b a c t e r i a  w ith  an 
atypical colony morphology. The r e s u l ts  of inoculation of nedropsy samples 
on MacConkey agar are shown in  Table 14. Tissues from s i t e s  other than the 
alimentary t r a c t  were not examined bacterio logically  because l ig a t io n  and 
f ix a t io n  of i n t e s t i n e  w h i l s t  th e  c a l f  was a n a e s th a t i s e d  (sup ra  v i t a l  
fixation) followed by section of the gut may have caused leakage of bac te r ia  
into the blood and other t issues . Removal of t issues  p rio r  to  supra v i t a l  
fixation  would prematurely threaten  the l i f e  of the ca lf . A blood cu ltu re  
in n u t r ie n t  b ro th  taken  im m edia te ly  be fo re  necropsy, however con ta in ed  
b a c te r ia  of one colony type on blood agar which, a f t e r  s u b c u l tu re ,  were 
id e n t ic a l  w ith  those  t h a t  produced an a ty p ic a l  colony morphology on 
MacConkey agar.
The most notable  fea tu re  shown in Table 14, i s  the inverse assoc ia tion  
of the b a c te r i a  w ith  a ty p ic a l  or a ty p ic a l  appearance on MacConkey agar 
between colon and upper ileum, the typical form dominant in the  ileum and 
the atypical form dominant in the colon.
There were almost th ree  times the numbers of atypical form associated  
with the colon mucosa than in the colon contents which indicated  po sitive  
colonisation of the mucosa ra th e r  than passive diffusion of b a c te r ia  from 
the contents in to  the mucosa.
On Preston medium-Campvlobacter--ie.iuni-was p re se n t-a t -cLx_„107 and 6 x 
107 colony form ing u n i t s /g  in  sm all i n t e s t i n a l  c o n te n ts  and mucosal 
scraping, respectively . At a l l  other s i t e s  i t  was present in numbers l e s s  
than 2.0 x 10^/g.
Immunoperoxidase s t a in in g  of s e c t io n s  of a lim en ta ry  t r a c t  in  which 
antiserum to  the b ac te r ia  with an a typical colony morphology on MacConkey 
agar revealed  t h a t  in  p lac es  th e  su rface  of co lo n ic  rugae  were h e a v i ly  
s ta ined  as  w e ll  as  a r e a ’s of th e  lam ina p ro p ria  (Fig 27). A d jacen t Gram 
stained sections revealed Gram negative rods. Sections of colon of calves 
infected with K99+ E. co li  did not show stained areas with th i s  antiserum.
Immunoperoxidase s t a in in g  of s e c t io n s  of a lim en ta ry  t r a c t  d e te c te d  
corona v irus  in  mucosal c e l l s  of the colon and lower ileum and ro tav iru s  in 
mucosal c e l l s  o f th e  ileum . I t  w i l l  be r e c a l le d  t h a t  th e  only g ro s s  
pathology was of the  colon. Consequently e i t h e r  the  b a c t e r i a  w ith  an
Table 14 Numbers of colony forming u n i t s  of la c to s e  ferm enting b a c te r i a
w ith  t y p i c a l  or a ty p i c a l  colony morphology on MacConkey agar
in  necropsy samples from g n o to b io t ic  c a l f  1.
Sample from
Small intestine
U II
i i  i i
Caecum
Site
1 contents 
(upper) mucosa
5 contents 
(mid) mucosa
9 contents 
(lower) mucosa
contents
mucosa
Colony forming units/g
Typical Atypical
4 3
1.4 x 10 less than 10
3 3less than 10 less than 10
3.1 x 105 2.3 x 104
3 3less than 10 less than 10
4.0 x 105 2.0 x 104
3 3
less than 10 less than 10
2.7 x 105 4.8 x 106
less than 108 9.7 x 104
Colon contents 5.3 x 108 2.1 x 107
3 7mucosa less than 10 5.8 x 10
F i g u r e  27.  A s e c t i o n  o f  c o l o n  from g n o t o b i o t i c  c a l f  1 s t a i n e d  by an
i n d i r e c t  im m unoperox idase  method u s i n g  a n t i s e r u m  t o  l a c t o s e  
f e r m e n t i n g  b a c t e r i a  w i t h  an  a t y p i c a l  c o lo n y  morphology 
on MacConkey a g a r .
M icrocolon ies o f  b a c te r ia  axe s ta in ed  brown. 
Bar marker rep re se n ts  20 m icrons.
a ty p ic a l  colony morphology on MacConkey agar or corona v i r u s  or the  two 
agents together were the most l ik e ly  cause of dysentery in gnotobiotic  c a l f  
1.
(b) Id en t if ic a t io n  of an a typ ica l E. co li  associated with the mucosa of the 
colon of gnotobiotic c a l f  1.
The colony morphology of the  b a c te r i a  w ith  an a ty p ic a l  colony 
morphology a s s o c ia te d  w ith  the  co lo n ic  mucosa of g n o to b io t ic  c a l f  1 i s  
depicted in Fig. 28(a) and in  mixed cu ltu re  with J^ _ c o l i  B44 in Fig. 28(b).
The b a c t e r i a  were Gram n e g a t iv e  rods which were ox idase  n e g a t iv e ,  
c a ta la s e  p o s i t iv e ,  f a c u l t a t i v e l y  anaerobic  and reduced n i t r a t e .  These 
ch a rac te r is t ic s  indicated th a t  i t  was a member of the Enterobacteriacaea or 
of genera of uncertain a f f i l i a t i o n  to  the Enterobacteriacaea. The r e s u l ts  
of further t e s t s  are shown in  Table 15. Apart from anaerogenicity and the 
production of u rease  th e  c h a r a c t e r i s t i c s  of t h i s  c u l t u r e  were c o n s i s t e n t  
w ith  an i d e n t i f i c a t i o n  o f  E. c o l i . I t s  a b i l i t y  to  produce in d o le  a t  44°C 
was p a r t i c u l a r l y  c h a r a c t e r i s t i c  of c o l i  and th e  only o th e r  u rease  
producers amongst th e  E n te ro b a c te r ia c e a e  d i f f e r e d  by more than  5 of the  
c h a r a c t e r i s t i c s  shown in  Table 15. Dr. J. M orris (C en tra l  V e te r in a ry  
Laboratory) k ind ly  agreed  to  id e n t i fy  t h i s  c u l tu r e  by th e  a p i  20E system  
(api). Of the c h a ra c te r is t ic s  th a t  were tested  the r e s u l t  of the  arg in ine  
d ih y d r o la s e  t e s t s  d i f f e r e d  w i th  th e  r e s u l t  d e s c r i b e d  h e r e  and an 
id e n t i f i c a t i o n  of a u rea se  p o s i t iv e  JE*. c o l i  was made. Dr. I . Orskov 
(International Escherichia and K lebsiella  Centre, Copenhagen) id e n t i f ie d  the 
sero type as 05:K-:H-K99~. Production  of h ea t  s t a b le  e n te ro to x in  by th e  
atypical E. c o li  was not detected in  a suckling mouse t e s t  (gut to  remaining 
body weight r a t io  of 0.04 compared with g reater  than 0.09 for E*. c o l i  B4”i).
(c) Oral in o c u la t io n  of g n o to b io t ic  c a l f  2 w ith  v i r u s  p u r i f i e d  from th e  
inoculum used for gnotobiotic  c a l f  1.
Faeces of gnotobiotic  c a l f  2 appeared so lid  u n t i l  day 5 post in fec tion  
when a d ia r rh o e a  commenced which p e r s i s te d  fo r  9 days. Faeces never 
appeared mucoid or contained blood. The faeces were white and caseous, not 
l iq u id  and was c o n s i s t e n t  w ith  a v i ru s  in f e c t io n  (B r id g e r ;  p e rso n a l  
communication). Corona v irus  was not detected in the  inoculum and was not
I
recovered from the ca lf .  Rotavirus, Newbury agent and an un iden tif ied  30nm
F i g u re  2 8. L a c t o s e  f e r m e n t i n g  b a c t e r i a  on MacConkey a g a r  w i t h  an
a t y p i c a l  c o l o n y  morphology  t h a t  were a s s o c i a t e d  w i t h  t h e  
c o l o n i c  mucosa o f  g n o t o b i o t i c  c a l f  1.
Magnification 3 x
( a )  Sp read  o n t o  MacConkey a g a r
(b)  I n o c u l a t e d  o n t o  MacConkey a g a r  w i th  E s c h e r i c h i a  c o l i  B44
Table 15 Biochemical c h a r a c t e r i s t i c s  of l a c to s e  fe rm enting  b a c t e r i a  w ith
an a t y p i c a l  colony morphology on MacConkey agar t h a t  were
a s s o c ia te d  w ith  th e  mucosa of the  colon of g n o to b io t ic  c a l f  1.
Test Reaction
Motility -
Indole production at 37°C +
Indole production at 44°C +
Voges Proskauer
Citrate Utilisation -
Acid and gas from glucose at 37°C Acid
Acid and Gas from glucose at 44°C (Eijkman) Acid
Lysine decarboxylase +
Arginine dihydrolase +
Phenylalanine deaminase -
Urease +
Orthonitrophenylglucose +
Production of
Gelatinase -
Growth in the presence of KCN -
Fermentation of: Mannose +
Arabinose +
Adonitol -
Inositol -
Sorbitol -
Glycerol +
Lactose +
Maltose +
Mannitol +
Salacin . -
Sorbitol +
Sucrose
Trehalose +
p a r t i c l e  were p re s e n t  in  fae ce s  a t  or sh o r t ly  a f t e r  d ia r rh o e a  commenced. 
These v i r u s e s  by them se lves  could be excluded as a p o t e n t i a l  cause of the  
dynsentery s u f fe re d  by g n o to b io t ic  c a l f  1. The p o te n t i a l  r o le  of corona 
virus or a dual in fec tion  by v iru s  and bacteria  could not be excluded.
(d) Oral in o c u la t io n  of g n o to b io t ic  c a lv e s  3 . and 4_ w ith  v i r u s e s , an 
atypical JE*. co li  and Campylobacter ieiuni iso la ted  from the alimentary t r a c t  
contents of gnotobiotic  c a l f  JL
Gnotobiotic c a l f  3 showed no signs of diarrhoea or dysentery u n t i l  day 
4 post in fec tion  when a watery mucoid diarrhoea began. The faeces contained 
blood c l o t s  u n t i l  necropsy on day 7 p o s t  in f e c t io n .  R o tav irus  and 
coronavirus were not iso la ted  from th is  c a lf  but in consis ten t excretion of 
Newbury agent began on day 2. Newbury agent could not be detected in faeces 
taken on day 6 post in fec tion . At necropsy the c a l f  was weak and depressed.
The number of a ty p ic a l  E. c o l i  and C. ie iu n i  in  f a e c e s  i s  shown in  
Table 16 and the r e s u l t s  of bacterio log ica l examination of necropsy samples 
in Table 17. A record of rec ta l  temperatures i s  in Fig. 29. Apart from day 
7 post i n f e c t io n  th e  fa e c a l  e x c re t io n  of jE,. c o l i  and i e iu n i  was 
comparable. A s l i g h t  in c re a s e  in  tem p era tu re  occurred  w ith  th e  o n se t  of 
dysentery. In necropsy samples, however, there  were fa r  g rea te r  numbers of 
E. c o l i  a s s o c ia te d  w ith  the  c ae ca l ,  co lo n ic  and r e c t a l  mucosae than C. 
.ieiuni. C. /ieiuni colonised the upper small in te s t in a l  mucosa in  a s im ila r  
way as in gnotobiotic  c a l f  1. The gross pathology of gnotobiotic  c a l f  3 was 
identical in  nature to  th a t  of gnotobiotic c a l f  1 with thickened colonic and 
rec ta l walls which showed petechical haemorrhages on the  lumen side. The 
mucosa was a ls o  covered w ith  fae ce s  s ta in e d  mucus which was d i f f i c u l t  to  
remove by washing.
The reproduction of a bloody dysentery without involvement of ro ta  or 
corona v iru s  indicated th a t  ne ither of these agents was a cause of dysentery 
e ither indiv idually  or in  combination with other agents. The presence of 
Newbury agent meant th a t  an ae tio log ica l ro le  of a v iru s  in  mixed in fec tion , 
irrespective  of type could not be excluded.
Gnotobiotic c a l f  4 showed no signs of diarrhoea or dysentery u n t i l  day 
3 post in fec tion  when a mucoid watery diarrhoea with blood c lo t s  in faeces 
began and pers is ted  u n t i l  day 6 post in fec tion  and necropsy. From day 3 to
Table 16, Numbers of colony forming u n i t s  o f  a ty p ic a l  E sc h e r ich ia  c o l i
and Campylobacter je ju n i  in  faece s  from g n o to b io t ic  c a l f  3
c u l tu re d  on MacConkey agar and P res to n  medium.
Day post infection E. coli/g C. jejuni/g
0 0 0
1: 3 X io 3 0
1082 4.9 X io 7 5.1 X
3 2.3 X 109 4.7 X io8
4 e=- 2.6 X io 9 6.2 X io 8
5 3.4 X 109 1.3 X IO9
6 1.8 X 109 1.3 X io 9
7 4.6 X 109 7 X io 7
tsm- ~  onset of dysentery
Figure 29, Daily rectal temperatures of gnotobiotic calf 3 taken during 
the morning feed.
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Table 17. Numbers of colony forming u n i t s  o f  a ty p ic a l  E sch er ich ia  c o l i
and Campylobacter j e ju n i  in  necropsy samples from gnoto­
b i o t i c  c a l f  3 c u l tu re d  on MacConkey agar and P res ton  medium
Sample from Site E. coli/g
Duodenum
tf
Small intestine 1 contents _1.4 X I—
*
o
> 
•'■
v!
(upper) mucosa :..5 X io5
ti it 3 contents 1.5 X io7
;; ; mucosa 2.0 X io5
i i  i i 5 contents 7.5 X 108
(mid) mucosa 1.5 X io5
n  i i 7 contents 5.0 X io8
mucosa 9.7 X io7
u  i i 9 contents 1.1., y: io'
(lower) mucosa'.. 5.3 X io7
Caecum contents 4.1 X io9
i i mucosa 4.0 X i—
1
o ' 
00
Colon contents 3.8 X io9
it mucosa 4.1 X
00orH
Rectum contents 4.5 X 109
i i mucosa 3.5 X 109
Small intestine 
mesenteric lymph node 3.1 X 104
C. jejuni/g
6.0 x 104
2.0 x 106-
4.0 x 105
3.0 x 105
7.0 x 107
3.0 x 105
2.0 x 107
3.0 x 105
5.0 x 106
1.0 x 106
7.0 x 107
2.0 x 107
8.0 x 107
1.0 x 107
7.0 x 107 
8.2 x 108
1.0 x 102
6 post i n f e c t io n  g n o to b io t ic  c a l f  .4 was ano rex ic .  E xcre tion  o f  r o ta v i ru s  
and Newbury agent began on day 2 p o s t  i n f e c t io n  and p e r s i s t e d  u n t i l  
necropsy. The number of a ty p ic a l  E. c o l i  and C. i e iu n i  in  fa e c e s  shown in  
Table 18 and the r e s u l ts  of bacterio log ical examination of necropsy samples 
a re  shown in  Table 19. A record  of r e c t a l  te m p e ra tu re s  i s  in  Fig. 30. A 
s l i g h t  r i s e  in  r e c t a l  tem pera tu re  occured one day b e fo re  the  o n se t  of 
dysen tery . Numbers of a ty p ic a l  E. c o l i  ex cre ted  were te n  fo ld  those  of C. 
ie iu n i  and a lthough  numbers of b a c te r ia  t h a t  co lo n ised  the  c o lo n ic  and 
r e c t a l  mucosae by the  E. c o l i  were g r e a t e r  than those  of C. i e iu n i , t h e  
Campylobacter appeared to  s tro n g ly  c o lo n ise  the  r e c t a l  mucosa s in ce  the  
numbers in the mucosa were approximately tenfold those in the  lumen. The 
gross pathological changes were id en tica l  with those of gnotobiotic  calves 1 
and 3. The q u e s t io n ,  which of the  b a c t e r i a  were th e  prim ary  pathogen and 
which the  o p p o r tu n is t i c  secondary inv ad er ,  favoured th e  a ty p i c a l  E. c o l i  
because of th e  high number of b a c t e r i a  in  th e  c o lo n ic  mucosa and i t s  
c o n s i s te n t  a s so c a t io n  w ith  the g ross  pathology of th ic k en e d  w a l l s  w ith  
petechial haemorrhages and adherent mucus in a l l  th ree  calves in fected  with 
the  a ty p i c a l  E. c o l i .
In  a s e p a r a t e  e x p e r im e n t  c a r r i e d  o u t  by Mr. J .  Morgan in  an 
i n v e s t ig a t io n  of the  p a th o g en ic i ty  o f Campylobacter s p p  in  c a lv e s  the  C. 
ie iu n i  i s o l a t e d  from g n o to b io t ic  c a l f  1 was in o c u la te d  o r a l ly  in to  a 
gnotobiotic ca lf .  This c a lf  did not su ffe r  dysentery.
The absence of corona v irus from gnotobiotic calves 3 and 4 established 
th a t  the  p roduction  of dysentery  was no t dependent on i n f e c t io n  by 
coronavirus.
The s l ig h t  elevation of the rec ta l  temperatures of gnotob io tic  calves 3 
and 4 th a t  concurred approximately with the beginning of excretion of high 
numbers o f E. c o l i  and C. ie iu n i  in fae ce s ,  and th e  o n se t  of dysen tery  may 
re la te  to  a bacteraemia possibly re f lec ted  in the low lev e l  of invasion of 
the lymph nodes of the d is ta l  ileum.
(e) Oral in o c u la t io n  of g n o to b io t ic  c a lv e s  S .6 and 7 w ith  an a ty p ic a l  E. 
co li iso la ted  from the colonic mucosa of gnotobiotic c a l f  1_.
Gnotobiotic calves 5,6 and 7 passed normal faeces u n t i l  4, 3 and 2 days 
post i n f e c t i o n ,  r e s p e c t iv e ly .  T h e re a f te r  a l l  c a lv es  passed  mucoid and
Table 18. Numbers of colony forming u n i t s  of a ty p ic a l  .Escherich ia  c o l i
and Campylobacter je ju n i  in  faeces  from g n o to b io t ic  c a l f  4
c u l tu re d  on MacConkey agar and P res to n  medium.
post infection E. coli /g c. jejuni /R
0 0 0
1 3 X io4 0
2 5.3 X io6 0
3 t=- 9.2 X io9 5 x  1 0 8
4 1 . 0 X i o 10 2.5 x  1 0 9
5 2.3 X io9 2.8 x  1 0 8
— onset of dysentery
Figure 30. Daily rectal temperatures of gnotobiotic calf 4 taken 
during the morning feed.
L J 4 0 -
CL)t_
=)
4—
ru
c_
a)
CL
E
cu
3 9
3 8
/ □
/
-  □
J L
1 2  3  4  5  
Day p o s t  infection
Table 19 Numbers of colony forming u n i t s  of a ty p ic a l  E scher ich ia  c o l i
and Campylobacter j e ju n i  in  necropsy samples from gnoto-
b io t i c  c a l f  4 c u l tu re d  on MacConkey agar and P res to n  Medium
Sample from Site E., coli/g
Duodenum contents 5.1 X 10
i i mucosa 2.8 X i
o
 
1—1
Small intestine 1 contents 2.2 X 10
(upper) mucosa 4.5 X 107
i i  I ,  3 contents 2.9 X io 7
mucosa 4.0 X 105
n 5 contents 1.5 X 109
(mid) mucosa 5.9 X io 7
i i  i i  ~j contents 1.5 x:TO9
mucosa 3.1 X 109
I I  I I  g contents 1.9 X 109
(lower) mucosa . 4.9 X 109
Caecum contents 4.1 X 109
mucosa 4.8 X i—
*
o 1 
oc
Colon contents 1.9 X io 9
i t mucosa 9.2 X 108
Rectum contents i.8 X 109
i i mucosa 6.6 X io 9
Small intestine 
mesenteric lymph node 7.4 X io 3
C. jejuni/g
2.0 x 106
7.0 x 105
1.6 x 107
1.7 x 107
3.0 x 106
2.0 x 105
5.5 x 107
5.5 x 107
8.5 x 106
4.0 x 107
5.5 x 107
3.5 x 108
3.0 x 107
2.4 x 108
2.5 x 108 
3.3 x 108
2.6 x 109
7.0 x 104
liqu id  faeces which contained small c lo ts  of blood u n t i l  necropsy on days 7, 
4 and 5 p o s t  in f e c t io n  fo r  ca lv es  5,6 and 7, r e s p e c t iv e ly .  The fae ce s  o f 
c a l f  5 a re  d ep ic ted  in  F igure  31. C a lf  5 , a f t e r  the  o n se t  of dysentery  
showed signs of tenesmus. The numbers of E*_ co li  excreted in  the faeces of 
calves a re  shown in Table 20 and the  daily rec ta l  temperatures are shown in 
Fig. 32. Ej_ c o li  were cultured from a l l  three calves from samples of blood 
taken  i n to  n u t r i e n t  b ro th  p r io r  to  necropsy. The g ro ss  pathology of a l l  
three calves was the same as th a t  observed in gnotobiotic calves 1, 3 and 4 
and c o n s is te d  of th ickened colon and rectum w a l ls  which showed s ig n s  o f  
p e te c h ia l  haemorrhages covered w ith  an a d h eren t  la y e r  of faeces  s ta in e d  
mucus. At necropsy, t is su es  from calves 5 and 6 were suprav ita lly  fixed and 
t issues  from the alimentary t r a c t  only were examined bacterio log ically . The 
purpose of necropsy of c a l f  7 was to  e s t a b l i s h  the  degree of t i s s u e  
invasion. The c a l f  was k i l le d  with an overdose of anaesthetic  and t is su e s  
were removed from the  c a rc a ss  using s t e r i l e  in s t ru m e n ts  in  th e  o rder  of 
lymph nodes, thoracic and abdominal v iscera , excluding alimentary t r a c t ,  and 
f ina lly  the alimentary t rac t .  Alimentary t r a c t  t is su e s ,  therefore , were not 
supra v i t a l ly  fixed. The re s u l ts  of bacterio log ica l examination of necropsy 
samples are  shown in Tables 21, 22 and 23.
In the case of a l l  three calves the peak excretion of E*. co li coincided 
with the onset of dysentery and the maximum ra t io  of bacteria /g  of mucosal 
scraping: b ac te ria /g  lumen contents occurred e i th e r  in  the colon or rectum. 
The r e s u l t s  o f  necropsy of c a l f  6 in d ic a te d  t h a t  th e  a rea  of most in te n s e  
colonisation occurred a t  the end of the colon. The r e s u l ts  of cu ltu re  of 
blood and necropsy samples o f c a l f  7 in d ic a te d  t h a t  th e  E. c o l i  caused 
bac te raem ia  which led  to  a g e n e ra l i s e d  i n f e c t i o n  of most t i s s u e s  which, 
surprisingly  was not ref lec ted  in marked pyrexia and did not lead to  a more 
severe c l in ic a l  condition. Results of in d ire c t  immunoperoxidase sta in ing  of 
sections of ileum of gnotobiotic calves 5,6 and 7 were s im ila r  to  those of 
g n o to b io t ic  c a l f  1. Scanning e le c t ro n  microscopy of the  colon' of 
g n o to b io t ic  c a l f  5 revealed  d i s c r e t e  microcolonies of rod shaped b ac te r ia  
(Fig. 33).
The r e s u l t s  of infections in calves 5, 6 and 7 showed th a t  the a typ ica l 
E. coli iso la ted  from the colonic mucosa of gnotobiotic c a l f  1 was a primary 
pathogen of a dysentery of fu l ly  susceptible calves, id en tica l  in nature to  
th a t  observed in  n a tu ra l  cases  and from which th e  inoculum of c a l f  1 was 
derived. A summary of the re s u l ts  of experimental in fec tion  of calves 1 to  
7 i s  shown in  Table 24.
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Table 20. Numbers of colony forming u n i t s  of a ty p ic a l  E sc h e r ich ia  c o l i
in  fa e c e s  from g n o to b io t ic  c a lv e s  5 ,6  and 7 c u l tu r e d  on
MacConkey a g a r .
Day post infection E. coli/g
Calf 5 Calf 6 Calf 7
0 0 0 0
1 1.9 x 109 5.5 x 108 1 x 104
2 4.0 x 109 6.7 x 108 e=- 9.9 x 109
3 8.6 x 108 e-1.3 109 1.3 109
ID Q Q
4 C=~1.0 X 10 1.1 X 10 5.6 X 10^
5 3.9 x 109
6 4.2 x 109
n onset of dysentery.
Figure 32. Daily rectal temperatures of gnotobiotic calves 5 
7 taken during the morning feed.
Calf 5
L Jo
Calf 6CUc_
ZD
\y \c_CUCLE
CU
Calf 7
Day p o s t  infection 
1^ = onset of dysentery
6 and
Table 21 Numbers of colony forming units of atypical Escherichia coli 
in necropsy samples from gnotobiotic calf; 5 cultured on
MacConkey agar.
Sample from Site E. coli/g
Small intestine 1 contents 5 x 10
(upper) mucosa 3 x 103
it n 5 contents 6 x 104
(mid) mucosa 1 x 103
it n 9 contents Not available
(lower) mucosa 1 x 103
Caecum contents 1.1 x 109
tt mucosa 2.0 x 108
Colon contents 2 . 9 x 109
it mucosa 2 .7 x 109
Rectum contents 1.1 x 1010
tt mucosa 3 .3 x 109
Small intestine
mesenteric lymph node 2 .6 x 109
Bile 2 .6 x 102
Table 22 Numbers of colony forming u n i t s  o f  a ty p ic a l  E sch e r ich ia  c o l i
in  necropsy samples from g n o to b io t ic  c a l f  6 c u l tu re d  on
MacConkey ag ar .
Sample from Site E. coli/g
Small intestine 1 contents 3.9 X o i 
O
'
1! t t (upper) mucosa 5.3 X 1 0
I t t t 5 contents 4.2 X io6
(mid) mucosa 2.2 X io6
t t t t 9 contents 3.2 X io6
(lower) mucosa 1.6 X io6
Caecum contents 1.1 X 109
t t mucosa 1.5 X io8
Colon 1 contents 1.5; X io9
t t (upper) mucosa 2.2 X io7
t t 2 contents 2.5 X 109
(mid) mucosa 8.8 X io8
i t 3 contents 2.4 X 109
t t (lower) mucosa 1.0 X io10
Rectum Upper contents 1.3 X io10
mucosa 3.!? X  109
t t Lower contents Not availal
mucosa 1.5 X 10
Small intestine
mesenteric lymph node 1.1 X io5
Bile 1.4 X io4
Table 23 Numbers of colony forming u n i t s  of a t y p ic a l  E sch er ich ia  c o l i
in  necropsy samples from g n o to b io t ic  c a l f  7 c u l tu re d  on
MacConkey agar
Sample of 
Tonsil
Pharyngeal lymph node 
Broncheal lymph node 
Hepatic lymph node 
Internal Ileac lymph node 
Colonic lymph node
Small intestine mesenteric lymph node
Lung
Heart
Kidney
Liver
Site E. coli/g
4.0 x 105
1.0 x 102
3.3 x 103
2.7 x 103
2.7 x 103
4.0 x 102
6.3 x 103 
less than 30
1.5 x 103 
less than 30
2.6 x 103
Spleen 1.0 x 102
Bile 0
Gall bladder wall 2.6 x 102
Abomasum contents less than 3 X io2
tt mucosa 7.3 x 102
Small intestine 1 contents less than 3 X io2
(upper) mucosa less than 3 X io3
/
5 contents less than 3 X 10
(mid) mucosa less than 3 X io4
9 contents 1.5 x 108
(lower) mucosa 1.3 x 106
Caecum contents 1.1 x 109
tt' mucosa 5.6 x 107
Colon contents 1.3 x 109
tt mucosa 1.0 x 109
Rectum contents 7.0 x 108
tt mucosa 3.6 x 109
Figure 3 3. Scanning electronmicrograph of the colon of gnotobiotic
calf 5.
The b a r  marker  r e p r e s e n t s  10 m ic ro n s .
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(f)  Oral in o c u la t io n  of a_ co nven tiona l c a l f  w ith  an a ty p ic a l  E. c o l i  
iso lated  from the colonic mucosa of gnotobiotic c a l f  1_.
This c a l f  had p rev io u s ly  been used in  an experim en ta l K9Q+ E. c o l i  
in fection  and had survived. This c a l f  was infected a t  4 d of age with 2.8 x 
10**® a ty p ic a l  E. c o l i  and up to  necropsy a t  day 11 of age did no t s u f f e r  
d ia rrhoea  or dysen tery . The number of a ty p ic a l  E*_ c o l i , which ra p id ly  
replaced K99+ E*. c o l i . in faeces i s  in Table 25 and the re s u l ts  of necropsy 
are in  Table 26. The re s u l ts  of bacterio log ica l examination of faeces and 
necropsy sam ples showed t h a t  th e  a ty p ic a l  E. c o l i  e s ta b l is h e d  in  numbers 
very much lower than in experiments with gnotobiotic calves. The pathogenic 
p o te n t i a l  of th e  a ty p ic a l  E. c o l i  may no t have been expressed  because a 
disturbance in the natural f lo ra  may be required to  increase su scep tib ii ty  
or because th e  colostrum  fed to  t h i s  c a l f  on day 1 of age was p r o te c t iv e .  
Consequently a concurrent v i r a l  in fec tion  may be required to  cause a change 
in the natural b ac te ria l  f lo ra  and increase su scep tib i l i ty  of calves to  the  
a typ ica l E*. c o l i . The c a l f  was fed colostrum from i t s  dam which resided on 
the farm on which the natural cases of dysentery occurred and from which the 
inoculum fo r gnotobiotic c a l f  1 was derived. Consequently, i t  i s  possib le  
th a t  the colostrum may have contained p ro tec tive  antibodies to  the a typ ica l 
E. c o l i . However a microagglutination t e s t  of the a typ ica l E^  co li  did not 
reveal agglu tin ins in sera from 27 cows a t  the farm from which the a typ ica l
(g) Oral in o c u la t io n  of mice and r a t s  w ith  an a ty p ic a l  E. c o l i  i s o l a t e d  
from the colonic mucosa of gnotobiotic c a l f  1.
One of 8 r a t s  and 2 of 16 mice in f e c te d .w i th  th e  a ty p ic a l  E. c o l i  d ied  
between 2 and 5 days po s t  i n f e c t io n .  One of 16 mice and none o f  8 r a t s  
infected with E. c o li  K12 died. After 3 weeks none of the remaining mice or 
r a t s  showed signs of i l l  health. Atypical E. c o l i  were recovered from fresh  
l i t t e r  of both mice and ra ts .
The atyp ica l E*. co li  was not pathogenic fo r newly weaned mice or r a t s  
when inoculated by the oral route.
(h) Preliminary charac ter isa tion  of po ten tia l  pathogenic determinants of an 
a typ ica l E. co li  iso la ted  from the colonic mucosa of gnotobiotic c a l f  V,
Table 25. Numbers of colony forming units of atypical Escherichia coli
in faeces from a conventional calf cultured on MacConkey agar.
Day post infection Atypical E. coli/g K99+ E. coli/g
0 0 4.6 x 10^
1 1.5 x 108 9.0 x 107
o  A
2 1.6 x 10 less than 10
3 2.3 x 108 1.0 x 107
4 3.6 x 108 Not detected
5 7.3 x 107 " "
6 4.0 x 107
7 less than 107 " ”
Table 26. Number of colony forming u n i t s  of a ty p ic a l  E sc h e r ich ia  c o l i
in  necropsy samples from a conven tional c a l f  c u l tu re d  on
MacConkey a g a r .
Sample from 
Small intestine
i ?  i i
I t  t !
Caecum
Colon
Rectum
Site
1
(upper)
5
(mid)
9
(lower)
E. coli/g
contents
mucosa
contents
mucosa
contents
mucosa
contents
mucosa
contents
mucosa
contents
mucosa
7.2 x 106
3
less than 3 x 10
2.0 x 104
3
less than 3 x 10
i i  t t  i i
n  i t  i i
2.3 x 104
3
less than 3 x 10
4.0 x 103
1.7 x 103
7.2 x 106
6.6 x 104
Small intestine 
mesenteric lymph node 9 
Bile
less than 30 
0
The atypical c o li  when grown on TGX a t  37°C or 18°C and resuspended 
to  approximately 5 x 1C)9 colony forming units /m l did not agg lu tinate  sheep, 
horse , guinea pig or bovine e ry th ro c y te s  a t  4 or 37°C in  th e  p resence  or 
absence o f  \% D-mannose. B a c te r ia  grown a t  37°C however, d id  adhere  to  
colonic rugae a t  37°C a f te r  30 min but not a t  20°C (Fig. 34).
Examination of shadow c as t  or negatively stained bacteria  revealed th a t  
the atypical E. c o li  produced abundant fim briae a t  37°C but very few a t  18°C 
(Fig. 35). These f im b r ia e  could n o t have been type 1 because t h e i r  
morphology was un like  t h a t  of type 1 f im b r ia e  which a re  s t r a i g h t ,  and 
because of an absence of haemagglutination a t  37°C. The fimbriae could not 
have been mistaken for f la g e l la e  because the atypical E. c o l i  was non m otile  
and produced no H or f la g e l la r  antigens.
Repeated a t te m p ts  to  dem ons tra te  adhesion of a ty p ic a l  JS*. c o l i  to  
colonic rugae fa iled . Culture in a varie ty  of conditions revealed th a t  the 
a ty p ic a l  E*. c o l i  produced a mannose r e s i s t a n t  haem agg lu tin in  o f sheep 
e ry th ro c y te s  a t  37°C on bovine blood agar  in  an anaerob ic  bu t n o t  in  an 
ae rob ic  atmosphere. A typica l E. c o l i  c u l tu re d  in  anaerob ic  c o n d i t io n s  on 
blood agar did not adhere to colonic rugae. Scanning e lectron micrographs 
of the  colon of g n o to b io t ic  c a l f  5 (Fig. 33 page156) in d ic a te d  t h a t  th e  
atyp ica l E^  co li adhere to  sp ec if ic  regions of colon. Perhaps the o r ig ina l  
ob serva tion  of a ty p ic a l  jLe_ c o l i  ad h e ren t to  co lon ic  rugae In  v i t r o  was 
fortu itously  dependent on the presence of p a rt icu la r  regions of colon.
F i g u r e  34.  Phase  c o n t r a s t  p h o t o m i c r o g r a p h  o f  c o l o n i c  r u g a e  o f  a c a l f  
a f t e r  i n c u b a t i o n  w i t h  a t y p i c a l  E s c h e r i c h i a  c o l i  i s o l a t e d  
from t h e  mucosa o f  t h e  c o l o n  o f  g n o t o b i o t i c  c a l f  1.
M a g n i f i c a t i o n  i s  a p p r o x i m a t e l y  600X
Figure 35. Electronmicrographs of negatively stained atypical
Escherichia coli grown on TGX agar.
( a )  C u l t u r e d  a t  37°C.
(b )  C u l t u r e d  a t  18°C.
The ba r  marker  r e p r e s e n t s  200nm.
DISCUSSION.
Work descr ib ed  in  t h i s  t h e s i s  began in  1980 when, i t  w i l l  be r e c a l l e d ,  
K99 and an io n ic  a n t ig e n s  found in  crude e x t r a c t s  o f some KQQ+ E. c o l i  had a 
poorly defined  or unknown s t r u c tu r e .  Furtherm ore, evidence of adhesion  by 
defined m olecu lar sp e c ie s  was no t a v a i la b le .  At t h a t  tim e  evidence of 
adhesion was based on the  d e te c t io n  of a n t ig e n s  in  crude m ix tu re s  used in  
te s ts  of haemagglutination and adhesion to  brush borders.
The method for the p u r i f ic a t io n  of K99 described by Isaacson (1977) was 
unsuccessfu l even when m odified  se v e ra l  ways. DeGraaf e t  a l .  (1 9 8 1 ) ,  Dr. D. 
Sherwood (personal communication ) and Dr. J. Morris (personal communication) 
encountered s im ila r  problems. In order to  explain these findings De Graaf e t  
a l .  (1981) proposed t h a t  K99 r e a c te d  hydrophobiclly  w ith  many p r o te in s  and 
carbohydrates during ex trac tion  which prevented fu rther  p u r i f ic a t io n  without 
the use of surfactan ts . In th is  th e s is  the use of su rfac tan ts  did not enhance 
purif ication  of K99 suggesting a more specific  in te rac tion  of K99 with other 
p ro te in s .  The o b se rv a t io n  t h a t  o th e r  p ro te in s  could be washed f r e e  of K99 
adherent to  sheep erythrocytes suggested th a t  adhesion to  ery throcy tes a l te re d  
the a f f i n i t y  of K99 fo r  th e se  p ro te in s .  Consequently K99 was e lu te d  from 
erythrocytes in purified  form a t  37°C. In th is  th e s is  a 19,000 MW polypeptide 
subun it  which adhered to  sheep e ry th ro c y te s  was a lso  found in  a c a t io n i c  
p r e c ip i t i n  l i n e  in  im m unoe lec trophores is  which re p re se n te d  K99. This 
suggested th a t  K99 was composed of one subunit which agrees with the r e s u l t s  
of DeGraaf e t  a l .  (1981) ,  Altmann e t  a l .  (1982) and Isaacso n  e t  a l .  (1981) . 
The f ig u re  fo r  the  su b u n i t  m o lecu la r  w eight of K99 given by DeGraaf e t  a l .
(1981) was 18,500, by Isaacso n  e t  a l .  (1981) was 19,500 and by Altmann e t  a l .
(1982) was 12,600. These v a r i a t i o n s  a re  probably due to  d i f f e r e n t  SDS-PAGE 
systems and the use of d i f fe re n t  molecular weight standards.
The incorrect descrip tion  of two d is t in c t  K99 subunits by Isaacson (1977) 
has been a t t r i b u t e d  t o  t h e  u n u su a l  b e h a v io u r  of t h i s  a n t i g e n  in  5% 
polyacrylam ide g e ls  ( Isaacson  e t  a l . ,  1981). However, both Isa a c so n  e t  a l .  
(1981 ) and DeGraaf e t  a l .  (1981) f a i l e d  to  a s se s s  the  adhes iv e  a c t i v i t y  of 
t h e i r  K99 p re p a ra t io n s .  The r e s u l t s  of t h i s  t h e s i s  in d ic a te d  t h a t  K99 w i l l  
cause agglutination of horse and sheep erythrocytes and are  in  agreement with 
the o b se rv a t io n s  of M orris e t  a l .  (1980a) on crude a n t ig e n  p r e p a ra t io n s .  
Altmann e t  a l. (1982), however, fa i led  to  detect haemagglutinating a c t iv i ty  
fo r  sheep e ry th ro c y te s .  M orris e t  a l .  (1980) observed a l o s s  of sheep
haemagglutinin a c t iv i ty  of K99 on storage. The pu rif ica tion  method used by 
Altmann was novel with respect to  K99 in the use of large concentrations of a 
surfactant which may have reproduced the e ffe c ts  of storage.
Direct evidence of the a b i l i ty  of K99 to  adhere to  c a l f  in te s t in a l  mucus 
membrane e i t h e r  in  v ivo or i n  v i t r o  i s  s t i l l  la c k in g .  In t h i s  t h e s i s  
ra d io la b e l le d  K99 f a i l e d  to  adhere to  brush borders  which confirm ed the  
observation of Morris e t  a l. (1980a) when immunofluorescence fa i le d  to  de tec t 
antigen in crude preparations adherent to  brush borders. Morris and h is  co­
workers contended t h a t  because E. c o l i  K12 K99 (a transconjugate of E. c o l i  
B41, the K99 re fe re n c e  s t r a in )  was adh eren t to  brush bo rders  and i t s  p a re n t  
s t r a in  E. c o l i  K12 was no t , th e  a n tig en  K99 must cause adhesion. This was 
supported by the  absence of th e  a n io n ic  adhesin  on E. c o l i  K12 K99. F u r th e r  
in d i r e c t  ev idence of t h i s  k ind i s  p resen ted  in  t h i s  t h e s i s .  The a c a p su la r  
K99~ E. c o li  B117 produced a l l  of the polypeptides tha t  could be extracted by 
the treatment adopted th a t  were produced by i t s  K99+ parent s t r a in  with the 
exception of th e  19000MW p o ly pep tide  of K99. The K99-  v a r i a n t  f a i l e d  to  
adhere to brush borders and iso la ted  v i l l i .  Further in d irec t  evidence of the 
adhesive a c t iv i ty  of K99 for c a l f  in te s t in a l  t is su e  was provided when pu rif ied  
anionic  adhesin  was unable  to  i n h i b i t  adhesion of j k  c o l i  B41 to  brush 
borders. This treatm ent completely inhib ited  adhesion of the K99“ i k  c o l i  B41 
caused by the anionic adhesin. The heat s tab le  sheep haemagglutinin a lso  had 
no effect on the adhesion of j k  c o li  B41. Under these conditions, adhesion of 
whole bacteria  caused by anionic adhesin or heat s tab le  haemagglutinin would 
presumably be blocked, so th a t  the observed adhesion of Jk  c o l i  B41 must have 
been caused by bac te r ia  bound K99.
I f  K99 causes adhesion , i t s  l o s s  of a c t iv i t y  on e x t r a c t i o n  must be 
a t t r i b u t a b l e  e i t h e r  to  d e n a tu ra t io n  of the  K99 su b u n it  or an undefined  co­
fa c to r .  K99 i s  encoded on a 50 megadalton plasm id by DNA of only 4.5 
megadaltons (Van Embden e t  a l. ,  1980). The remaining DNA has so fa r  not been 
assigned a fu n c t io n  but may produce a c o fa c to r  necessary  fo r  K99 adhesion . 
This question and others concerning the po ten tia l  of the DNA on K99 plasmids 
to  code fo r  o th e r  undefined pathogenic  d e te rm in a n ts  may be answered by 
c o l la b o ra t iv e  re s e a rc h  t h a t  has been undertaken  w ith  Dr. R.E. I sa ac so n  
(University of Michigan). I t  i s  proposed th a t  Dr. Isaacson w i l l  place the DNA 
th a t  codes fo r  K99 in to  a v e c to r  plasm id and p lace  t h i s  i n to  th e  a c a p s u la r  
K99“ varian t of E. c o l i  B117 described in th i s  th es is .  Any d iffe ren ces  in  the 
adhesion and pathogenicity of the s tra in  containing the vector plasmid and the
acapsular K99+ E*. co li  B117 with a l l  of the K99 plasmid might be a t t r ib u ta b le  
to products of the non K99 DNA of the K99 plasmid.
Hadad and Gyles (1982a) suggested  t h a t  the  c ap su la r  a n tig en  K30 was 
necessary  fo r  the  in  vivo adhesion of K9Q+ E. c o l i  B44. In t h i s  t h e s i s  the  
capsu le  of E. c o l i  B117, K85, seemed to  i n t e r f e r e  w ith  in  v i t r o  adhesion  to  
i s o la te d  c a l f  brush borders . The a c a p su la r  K99+ v a r i a n t  adhered in  g r e a t e r  
numbers.
The ap paren t d i f f e r e n c e s  in  ty ro s in e  c o n te n t  of K99 from s t r a i n s  o f  E. 
c o l i  d e te c ted  by ra d io io d in a t io n  by the  ch loram ine T method may h e lp  to  
exp la in  th e  d i f f e re n c e s  in  amino ac id  a n a ly se s  o f  K99 by DeGraaf e t  a l .
(1981), Isaacson (1977) and Altmann e t  a l.  (1982). Isaacson fa i le d  to  d e tec t  
ty ro s in e  w h i l s t  the  o th e rs  did so. However, th e  a n a ly s i s  of Altmann e t  a l .
(1982) d i f f e r e d  g r e a t l y  w i th  t h a t  o f D eG raaf e t  a l .  and I s a a c s o n .  
U nfortunate ly  no amino ac id  a n a ly se s  have been c a r r ie d  out by more than  one 
laboratory on K99 from a single s t ra in  purif ied  by d if fe re n t  methods or on K99 
from several s t ra in s  in one laboratory. Such an exercise might show whether 
these differences are due to  the presence of other pro teins or to  v a r ia t io n  in  
the primary s truc tu re  of K99 from d if fe ren t  j k  c o l i .
The apparent difference in the antigenic  s truc tu re  of K99 from d i f f e r e n t  
s t ra in s  of jk  c o li  detected by the immunoradiometric assay may be the r e s u l t  
o f p o s s i b l e  d i f f e r e n c e s  in  p r im a ry  s t r u c t u r e  d i s c u s s e d  above . In  
hybridisation experiments, the DNA th a t  encoded the  K99 adhesion system showed 
81% homology with DNA th a t  encodes parts  of the K88 adhesion system which i s  
known to  have a n t ig e n ic  v a r i a n t s  (Kehoe e t  a l . ,  1982). However i t  should  be 
emphasised th a t  the d ifferences observed between K99 a n t ig e n s  a re  probably  
minor and do not n e c e s s a r i ly  r e p re se n t  evidence of a n t ig e n ic  d r i f t .  Any 
consideration of antigenic d r i f t  would involve a comparative study of the K99 
of many s t ra in s  of jk  c o li  iso la ted  over a reasonable length of time.
A 34,000 MW polypeptide subunit adherent to  sheep erythrocytes was a lso  
found in  an an io n ic  p r e c i p i t i n  l i n e  in  im m u noe lec trophores is . This 
r ep re se n te d  the  an io n ic  an tig en  in p re p a ra t io n s  of undefined p u r i ty  f i r s t  
d escribed  as K99 by M orris e t  a l .  (1977) bu t l a t e r  found to  be an a n t ig e n  
seperate from K99 (Morris e t  a l.,  1980a). Electron microscopic examination 
o f an ion ic  p r e c i p i t i n  l i n e s  from immunoelectrophoreses which contained the
34,000 MW polypeptide, revealed s tru c tu res  suggestive of fimbriae. This method 
did not y ie ld  s u f f ic ie n t  m ateria l fo r fu rther charac te risa tion . Early work on 
the pu rif ica t ion  of K99 indicated th a t  attempts to  purify the anionic adhesin 
were like ly  to  r e s u l t  in  preparations contaminated with K99. Consequently the 
p ro d u c t io n  o f  a K99" v a r i a n t  o f  Ek c o l i  B41 seemed c r i t i c a l  to  t h e  
c h a r a c te r i s a t io n  of the  a n io n ic  adhesin . E*. c o l i  B41 i s  a complement 
s e n s i t iv e  s t r a i n  (N. Chanter and P.W. Jones, unpublished r e s u l t s )  and i t  was 
thought th a t  k i l l in g  might be enhanced by the presence of sp e c if ic  antibody 
thus f a c i l i t a t i n g  iso la t io n  of K99" variants. This was confirmed when 2-4% of 
E. col-i B41 in cu b a ted  in  an tise rum  to  E. c o l i  K12 K99 l o s t  th e  a b i l i t y  to  
produce K99 but reta ined  the a b i l i ty  to  produce the anionic adhesin. j k  co li  
K12 K99 produced K99 but no t th e  a n io n ic  adhesin . Anionic ad h es in  could be 
p u r i f ie d  from th e  v a r i a n t  w ith  r e l a t i v e l y  few s te p s  t o  g iv e  a 98% pure 
p rep a ra tio n  composed of the  34,000MW po ly pep tide . The rem ain ing  2% was 
carbohydrate  some of which may have been p a r t  o f th e  a n io n ic  adh es in . This 
p repa ra tion  behaved in  im m unoelectrophoresis , i n h i b i t i o n  of b rush  border 
adhesion t e s t s ,  b rush border adhesion t e s t s  and h a e m a g g lu t in a t io n  t e s t s  as 
previously  d e sc r ib e d ^ fo r  p re p a ra t io n s  of undefined purity^by  M orris  e t  a l .  
(1980a). N a tu ra l ly  occu rr in g  p o ly m e r isa t io n  of the  34,000 MW su b u n i ts ,  
r e s u l te d  in  an ag g reg a te  w ith  a m olecu lar w eigh t in  ex ce ss  o f  20 x 10^. 
Attempts to  see f im b r ia e  in  p re p a ra t io n s  of the  aggregated  a n io n ic  adhesin  
were unsatisfac tory . However, occasionally fimbriae l ik e  s t ru c tu re s  were seen 
which were f i n e r  than tho se  seen in  K99 p re p a ra t io n s  and in  p re p a ra t io n s  
con ta in ing  th e  h e a t  s t a b le  haem agglu tin in . The a n io n ic  a d h e s in  may have a 
f r a g i l e  f i m b r i a l  s t r u c tu r e  which r e a d i ly  breaks down i n t o  th e  i r r e g u l a r  
s tructures which predominated in  negatively stained preparations. I t  seems, 
however, th a t  a f im bria l  s t ru c tu re  i s  not required fo r haemagglutination and 
brush border adhesion . DeGraaf and Roorda (1982) developed a method of 
purifica tion  containing a t  l e a s t  2 more steps than the method described here. 
All p r o p e r t i e s  in c lu d in g  u l t r a s t r u c t u r e ,  were in  ag reem ent w ith  those  
described  h e re  w ith  th e  excep tion  of su b u n it  m o lecu la r  w e ig h t  which was 
29,500. This was s u f f i c i e n t l y  c lo se  to  34,000 however, f o r  i t  to  be 
a ttr ibu ted  to  d ifferences in technique in SDS-PAGE. I f  the anionic antigen i s  
fimbrial, i t s  subunit molecular weight of 29,500-34,000 would be re la t iv e ly  
large;K88, K99 and type 1 f im b r ia e  have su b u n its  w ith  m o le cu la r  w e ig h ts  of 
between 17,000 and 25,000.
The pa ttern  of res is tance  of the anionic adhesin to  the  ac tion  of trypsin  
and formaldehyde was q u ite  d i f fe re n t  from tha t  of K99. The s e n s i t iv i ty  of K99
to  these treatm ents may ind icate  a generally la b i le  nature which might explain 
i t s  apparent in a c tiv i ty ,  following pu rif ica tio n , in brush border adhesion t e s t s  
when compared with the anionic adhesin (Morris e t  a l.,  1980a).
Morris e t  a l .  (1982c) have now shown t h a t  a K99” v a r i a n t  o f E. c o l i  B41 
developed in  t h e i r  la b o ra to ry  can cause d ia rrh o ea  in g n o to b io t ic  p i g l e t s  
p a r t ly  by adhesion caused by a n io n ic  adhesin  t h a t  i s  produced in  v iv o . The 
3P- s t r a in s  of Moon e t  a l .  (1980) i s o l a t e d  from p ig l e t s  w ith  d ia r rh o e a  have 
been shown by Awad-Masalmeh e t  a l.  (1982) to  produce an antigen a t  37°C, but 
not a t  18°C, c a l le d  m a te r ia l  B which conta ined  a mannose r e s i s t a n t  
haemagglutinin able to  in h ib i t  brush border adhesion by 3P" s t r a in s  which did 
not con ta in  f im b r ia e .  In th e s e  r e s p e c t s  m a te r ia l  B seemed s i m i l a r  to  th e  
anionic antigen of E. c o li  B41. SDS-PAGE analysis  of m ateria l B, however, was 
reported to  show a subunit molecular weight only s l ig h tly  g rea ter than th a t  of 
K99 and would d i f fe r  in th i s  respec t with the anionic antigen. In th is  th e s is  
the re s u l ts  of an immunoradiometric assay indicated th a t  some 3P” s t r a in s  may 
produce the  a n io n ic  adhesin . The re a d in e s s  w ith  which K99 i s  l o s t  under 
a n tig e n ic  p re s su re  i n  v i t r o  and in  v ivo  in  a g n o to b io t ic  c a lf ,  d e sc r ib e d  in  
Section 4, and the a b i l i ty  of K99” anionic adhesin* jk  co li to  cause diarrhoea 
in p ig le ts  ind icates  th a t  i f  a K99 vaccine i s  developed i t  should a lso  contain 
the anionic adhesin.
Contrepois e t  a l. (1982) described a protein on jk  c o l i  with the somatic 
an tigen  08 i s o l a t e d  from c a lv e s  w ith  d ia r rh o e a  which was d e s ig n a ted  F92b. 
Results of SDS-PAGE revealed i t s  subunit molecular weight to  be comparable to  
th a t  of the  an io n ic  adhesin  o f  09 and 0101 E. c o l i . I t  i s  p o s s ib le  t h a t  F92b 
i s  a functional equivalent of the anionic adhesin for 08 E. c o l i . The K99~ E. 
c o l i  B117, which has som atic  a n t ig e n  08, f a i l e d  to  adhere to  e r y th r o c y te s ,  
brush borders  or i s o la t e d  v i l l i .  This in d ic a te d  t h a t  th r e e  p o ly p e p t id e s  
produced by th is  s t ra in ,  with s im ila r  molecular weights to  the anionic adhesin 
of E. c o l i  B41, were not f u n c t io n a l ly  e q u iv a le n t  to  th e  a n io n ic  ad h es in  or 
F92b. ,
The presence of haemagglutinating fimbriae on jk  co li  r e s i s ta n t  to  100°C 
for 30 min and composed of two polypeptide subunits of d if fe re n t  s ize  has not 
been described  p rev io u s ly .  These s t r u c tu r e s  were u n l ik e ly  to  be f l a g e l l a  
since they had l i t t l e  or no a p p l i tu d e ,  t h e i r  d iam ete r  was 10 no t 13nm (De 
Pamphilis and Adler, 1971), the subunits of f la g e l la  of the Enterobacteriaceae 
are generally 40,000MV; (lino , 1969) and the s t r a in  from which i t  was iso la te d  
was nonmotile. Heat r e s i s ta n t  haemagglutinin was purified  from b a c te r ia  grown 
on s o l id  media and e le c t r o n  microscopy of b a c te r ia  grown under th e se
cond it ion s  showed an absence of f l a g e l l a t e  c e l l s .  Eshdat e t  a l .  (1981) 
in d ic a te d  t h a t  type 1 f im b r ia e  could not be d isag g reg a ted  by d en a tu r in g  
con d it io ns  commonly employed in  SDS-PAGE. Consequently th e  absence of a 
17,000-20,000 MW p o ly p ep tid e  band in  SDS-PAGE of the  h e a t  r e s i s t a n t  
haem agglutin in  did no t exclude th e  p o s s ib i l i t y  t h a t  long p a r a l l e l  s ided  
s t r u c tu r e s  rev ea led  by e le c t ro n  microscopy were type 1 f im b r ia e .  However, 
p a r t i a l l y  p u r i f ie d  h aem agg lu tin in  did no t con ta in  any mannose s e n s i t i v e  
haemagglutinating a c t iv i ty  a t  37°C. Also type 1 fimbriae generally show weak 
a c t iv i t y  for sheep e ry th r o c y te s  (Duguid and Old, 1980) u n l ik e  th e  h e a t  
re s is ta n t  haemagglutinin which showed s trong  a c t iv i t y .  The h e a t  r e s i s t a n t  
sheep haemagglutinin does not seem to be re la ted  to  the major outer membrane 
proteins of E. c o l i  (Hofstra and Dankert, 1979; Paakkanen e t  a l. ,  1979).
The heat res is tance  of th is  haemagglutinin i s  exceptional for a protein  
although not unknown fo r  p r o te in s  o f Jk  c o l i . I t  i s  p o s s ib le  t h a t  i t s  
s tructure  i s  s ta b i l is e d  by cystine  disulphide bridges such as th a t  of the heat 
s ta b le  e n te ro to x in s  o f  E. c o l i  (S ta p le s  e t  a l . ,  1980). The e x c lu s io n  o f  2 
mercaptoethanol from the sample buffer for SDS-PAGE did not reduce the number 
of bands, an e f f e c t  observed w ith  K99 which probably c o n ta in s  i n t r a s u b u n i t  
d isu lp h ide  b r id g es  ( Isaacso n , 1981; S ec tio n  1 t h i s  t h e s i s ) .  However, 
interpolypeptide disulphide bridges are le s s  l ike ly  when the distance  between 
cysteine residues in the  primary s tru c tu re  of polypeptides i s  small (Martin, 
1964).
Since th e  h e a t  r e s i s t a n t  haem agglu tin in  was produced a t  18°C and 
abso rp tion  of OK-antiserum w ith  b a c te r i a  grown a t  18°C d id  n o t  a f f e c t  the  
production of a ca tion ic  or anionic l in e  in immunoelectrophoresis, the heat 
re s is ta n t  haemagglutinin i s  presumably antigenically  d i f fe re n t  from K99 or the 
anionic  antigen.
The subunit molecular weights of the h e a t- re s is ta n t  sheep haemagglutinin 
are unusually  l a rg e  compared to  nearly  a l l  of the p re v io u s ly  d e sc r ib e d  
fimbriae. However, Lugtenberg e t  a l. (1976) in a study of the outer membrane 
proteins of E. c o li  K12 id e n t i f ie d  a 50,000 MW band in SDS-PAGE g e ls  as p i l in  
sub un its  of f im b r ia e  found on some but not a l l  E. c o l i  K12 s t r a i n s .  The 
haemagglutiating a c t iv i t i e s  of these fim briae were not investiga ted .
The heat r e s i s t a n t  sheep haemagglutinin did not adhere to  c a l f  in te s t in a l  
brush borders. I t  i s  p o s s ib le  t h a t  t h i s  haem agglu tin in  b inds  a r e c e p to r  in
the  mucosal l a y e r s  t h a t  would have been removed during  brush  border 
preparation. However, the haemagglutinin did not cause adhesion to  iso la ted  
v i l l i  on .which th e  mucosal l a y e r s ,  might l a r g e ly ,  have been p rese rv ed . 
S tud ies  of the  r e c e p to r  fo r  the  h e a t - r e s i s t a n t  haem agg lu tin in  on sheep 
e ry th ro c y te s  rev ea led  a b ind ing  a c t i v i t y  fo r  a wide range of suga rs  which 
seemed to  be a s s o c ia te d  w ith  g ly c o l ip id  of the  sheep e ry th ro c y te  membrane. 
Perhaps th i s  i s  an ind ica tion  of a ro le  in carbohydrate metabolism in r e la t in g  
the bacterium to  i t s  environment. Whilst th is  a c t iv i ty  may not be d irec tly  
rela ted  to  pathogenicity i t  i s  presumably required for survival in the  c a l f  
in tes tine  since immunoperoxidase exam ination  rev ea led  i t s  p rod uc tion  by E. 
co li  B41 in in fec tion  of a gnotobiotic c a l f  (Section 2).
In summary th is  th e s is  has described new methods for the p u r i f ic a t io n  of 
K99 and the anionic antigen. Tneir molecular s tru c tu res  were described and 
both were shown to  adhere to  erythrocytes. Ind irec t  evidence of adhesion of 
K99 to c a l f  in te s t in a l  t is su e  was presented. Minor antigenic v a r ia t io n  was 
detected  between K99 a n t ig e n s  p rev ious ly  considered  to  be homologous. In 
addition to  K99 and the  anionic antigen a mannose r e s i s ta n t  haemagglutinin of 
sheep e ry th ro c y te s  was d e te c te d  on the  K99 re fe re n c e  s t r a i n .  T his was 
purified and characterised  and attem pts made to  e lucidate  i t s  function.
In S ec tio n  3 of t h i s  t h e s i s  a t te m p ts  were made to  develop a s e n s i t i v e  
assay fo r  K99 using  th e  p u r i f i e d  an tig en  d escr ib ed  in  S e c t io n  1. The 
immunoradiometric assay which was developed, re a c te d  n o n - s p e c i f i c a l ly  w ith  
faeces  from neonata l c a lv e s  in d ic a t in g  t h a t  th e  t e s t  would be of l i t t l e  use 
for the detection of low le v e ls  of K99 antigen. Dr. D. Sherwood developed an 
enzyme linked immunosorbent assay (ELISA), and encountered the  same d i f f ic u l ty ,  
(personal communication) which led to  the continued use of cu ltu re  and s l id e  
agglutination t e s t s  fo r K99 in a survey of c a l f  diarrhoea in Scotland ca rr ied  
out a t  the same tim e as  the  survey described  here.VanZijderveld e t  a l .  (1982) 
also developed an ELISA fo r K99 antigen in faeces but th is  did not re a c t  with 
neonatal c a l f  f a e c e s  even though i t  was developed in  the  same way a s  
Sherwood's test(yanZijderveld; pe rsonal communication). I t  i s  p o s s ib le  t h a t  
th is  difference may be due to  the pa rt icu la r  rabb it  used fo r immunisation with 
K99jand ind ica tes  th a t  the immunoradiometric assay might be usefu lly  repeated 
using a d if fe re n t  a n t i  K99 antibody. Results of the ELISA of Van Z ijderve ld  
e t  a l .  (1982) on fa e c e s  from ex perim en ta lly  in fe c te d  c a lv e s  were n e g a t iv e  
a f t e r  the  f i r s t  week of l i f e  even though e x c re t io n  of K99 producing  E. c o l i  
de tec ted  by c u l tu r e ,  con tinued  a t  1C)9/g up to  th e  th i r d  week of l i f e .  These
E. c o l i  presumably did  no t produce K99 in  v ivo and t h i s  may have been due to  
repression of synthesis caused by a lower redox po ten tia l or increased lev e ls  
of alanine in the  gut of older calves. Culture and s l id e  agg lu tination  t e s t s  
fo r  the d e te c t io n  of KQQ+ E. c o l i  in  th e  fae ce s  of c a lv es  l e s s  than  one week 
old, therefore, would be su f f ic ie n tly  sensitive  to  detect diarrhoea caused by 
these bacteria . Furthermore i t  would seem th a t  a more sen s it iv e  t e s t  fo r  in  
vivo K99 p ro duc tion  would be u n l ik e ly  to  be su c ce ss fu l  fo r  th e  d e te c t io n  of 
carr iers  of K99+ Jk  co li  because of the possibility of .in vivo repress ion  of K99 
synthesis. Consequently the problem of a method able to  de tec t  c a r r ie r s  fo r a 
detailed epidemiological survey remains. This problem, however, was overcome 
to  some e x te n t  by Van Z i jd e r v e ld  e t  a l .  (1982) by th e  use of a n t i b i o t i c  
con ta in ing  medium which i n h ib i t e d  the  growth of non K99 i k  c o l i . The 
l im i ta t io n  of the  method was t h a t  i t  was s u i t a b l e  only fo r  th e  herd  they 
investigated. On one of the farms described in  th is  th es is ,  the K99* i k  c o li  
were much le s s  a n t ib io t ic  r e s i s ta n t  than other j k  c o l i . Van Z ijderve ld  e t  a l.  
were only be ab le  to  i n v e s t i g a t e  th e  E. c o l i  f o r  which th e re '  was a p re -  
established a n tio b io tic  res is tance  pattern  so th a t  a p a r t ic u la r  method would 
not be g e n e ra l ly  a p p l ic a b le .  However, the  r e s u l t s  of an e p id e m io lo g ic a l  
investigation by the use of th is  method on a herd with a h istory  of coliform 
d iarrhoea  re v e a le d  t h a t  a l l  cows did  no t e x c re te  K99+ i k  c o l i  p r i o r  to  an 
episode of diarrhoea in calves. All surviving calves and very few cows were 
i n t e r m i t t e n t  e x c re to r s .  Faeces in  pens, however, con ta ined  K99+ i k  c o l i  
continuously for 3 months and in te rm it ten t ly  for up to  6 months. As soon as 
anim als were r e tu rn e d  to  g ra s s  a l l  K99+ E. c o l i  e x c re t io n  ceased . The only 
r e s e rv o i r  of in f e c t io n ,  capab le  of a llow ing  KQQ* E. c o l i  to  su rv iv e  between 
calving seasons, was faeces in farm housing. This would be c o n s is ten t  with 
the  su rv iv a l  of o th e r  members of the  E n te ro b a c te r ia c e a e  in  f a e c a l  m a te r i a l  
w ith a low c o n te n t  o f w a te r  (Jones, 1982).  I f  fa e c e s  a re  im p o r ta n t  f o r  
/ t r a n s m is s io n  of disease from one year to  another then the  numbers o f j k  c o li  
th a t  su rv iv e  in  r e l a t i o n  to  the  c o n d it io n s  t h a t  d e f in e  s u s c e p t i b i l i t y  of 
calves to  in fec tion  becomes crucial to  an understanding of the epidemiology of 
th is  d isease .
In Section 4 of th is  th e s is  attempts were made to define conditions th a t  
a ffec ted  the  s u s c e p t i b i l i t y  of ca lv es  to  in f e c t io n  by K99+ i k  c o l i . 
Conventional calves which had received colostrum were r e s i s t a n t  to  in fec tio n  
w ith  la rg e  numbers o f  E. c o l i  to  which g n o to b io t ic  c a lv e s  were s u s c e p t ib l e .  
Further experiments were designed to  inves tiga te  whether calves t h a t  received 
colostrum lacking antibody to  K99 were r e s i s ta n t  to  in fec tion . However one
c a l f  fed co los trum  c o n ta in in g  r e l a t i v e l y  high t i t r e s  o f opsonins in  an in  
v i t r o  t e s t  was no t r e s i s t a n t  to  in f e c t io n  w ith  K99* E. c o l i . S tu d ie s  of the  
pa th o lo g y  of K99+ E. c o l i  i n f e c t i o n s  have r e v e a l e d  t h e  p r e s e n c e  of 
polymorphonuclear le u c o c y te s  in  the  lam ina p ro p r ia  and lumen of th e  sm all 
i n t e s t i n e s  of e x p e r im e n ta l ly  in fe c te d  ca lv es  which had rec e iv e d  colostrum , 
(Bellamy and Acres, 1979; Hadad and Gyles, 1982b) but no t in  e x p e r im e n ta l ly  
in fec te d  c a lv e s  deprived  of colostrum  (Pearson e t  a l . ,  1978; Pearson and 
Logan, 1979; Pearson and Logan, 1982). This suggested  the  p resence  of 
opsonins in colostrum which caused chemotaxis of polymorphonuclear leucocytes 
from c a lf  blood and from amoDg^t those found in colostrum (Lee e t  a l . ,  1980). 
Despite  ev idence in  favour of the  p r o te c t iv e  p o t e n t i a l  of opsonins and 
polymorphonuclear leucocytes th i s  a c tiv ity  alone did not provide res is tan ce  to  
disease. However i t  i s  possible  th a t  the above mentioned c a l f  did not receive 
su ff ic ien t  colostrum and opsonins. The observations of Penhale and C hris tie  
(1969) and Logan and Penhale (1971a) suggest th a t  th is  c a l f  received 5 times 
the amount of co lostrum  re q u ire d  to  p ro te c t  c a lv e s  a g a in s t  i n f e c t i o n  bv E. 
co li th a t  cause septicaemia. Perhaps more was required to  p ro tec t against E. 
coli tha t  caused diarrhoea.
The opsonic a c t i v i t y  in colostrum  was found in  th e  IgM f r a c t i o n  which 
agreed with the findings of Sellwood (1982) for pig colostrum and Williams and 
H ill (1982) for bovine serum. Although Knop e t  a l.  (1971) found th a t  IgA was 
the opsonic a c t i v i t y  in  pig co lostrum  i t  seems l i k e l y  t h a t  the  opson ic  IgM 
detec ted  in  t h i s  t h e s i s  was s im i l a r  to  th e  n a tu r a l  an tibody d e sc r ib e d  by 
Rowley and Jenkins (1962). IgM which i s  pro tec tive  against co lisep ticaem ia  i s  
absorbed from the in te s t in e  of the perinata l c a l f  (Logan and Penhale, 1971b; 
Logan e t  a l.,1974 a and b; S t o t t  e t  a l . ,  1979). Consequently , i f  opson ic  IgM 
i s  im portan t  fo r  p ro te c t io n  th e  r e l a t i v e  t im e s  of co los trum  feed in g  and 
challenge might a f fe c t  the su scep t ib i l i ty  of calves to  K99+ EL. c o l i  in fec tion  
in  the  i n t e s t i n e .  In a d d i t io n  to  o p so n isa t io n  s e v e ra l  a n t i b a c t e r i a l  
mechanisms have been detected .in v i t ro  in colostrum whose e f f e c t  i n  vivo might 
also be a ffec ted  by the amount of colostrum and time of i t s  feeding (Reiter, 
1978).
The observed a b i l i ty  of Staphylococcus aureus to  absorb opsonins for E. 
c o l i  was in  agreem ent w ith  th e  f in d in g s  of Young e t  a l .  (1979) t h a t  n a tu r a l  
opsonins to  these bac te ria  are  cross-reacting. In Section 4, however, E. c o li  
were unable to  absorb  opsonins fo r  Staph, aureus which in d ic a te d  t h a t  in  
ad d it io n  to  c r o s s - r e a c t i n g  opsonins th e re  were opsonins in  c o l o s t r a l  whey
specific  fo r the s t r a in  of Staph, aureus used here. Williams and H ill  (1982)
were unable to  demonstrate cross-reaction between the bovine serum opsonins of 
E. c o l i  and Staph, au reu s . Perhaps th e  s t r a i n  o f Staph, aureus used by
Williams and H ill  (1980) lacked the common antigens described by Young e t  al.
(1979).
Van Z i jd e r v e ld  e t  a l .  (1982) showed t h a t  the  LD^q fo r  c a lv e s  de riv ed  by 
hysterectomy and not fed colostrum was 102-10^ colony forming u n its  of K99+ E. 
c o l i . Furtherm ore , Van Z i jd e r v e ld  (personal communication) has estab lished 
that the LD^q f ° r  colostrum fed calves th a t  were hysterectomy derived was 10^ 
colony form ing u n i t s .  Provided th e  younger ca lv es  d e rived  by hysterectom y 
were no more susceptib le  than conventional calves th is  r e s u l t  would explain 
why the c a l f  fed co lostrum  d escr ibed  in  Sec tion  4 succumbed to  1C)9 colony 
forming u n i ts  of E*. c o l i  B44. The res is tance  of the second c a l f  fed colostrum 
and a suspension  of fae ce s  may have been caused by a n a tu r a l  f l o r a .  I f  the  
growth of the gut microbial f lo ra  of calves does not d i f f e r  g rea tly  from th a t  
in p ig le ts  (Smith and Jones, 1963) the normal f lo ra  of the ileum of th i s  c a l f  
would have been w e ll  developed a t  the  time of i n f e c t i o n .  I f  th ese  
o b se rv a t io n s  resem ble  th e  n a tu ra l  s i t u a t i o n  th e  index case  in  an ou tb reak  
would, presumably have to  be co lostrum  deprived or have a poorly  developed 
n a tu ra l  f l o r a  in  a d d i t io n  fo r  i t  to  be su s c e p t ib le  to  low numbers of E. c o l i  
t h a t  have su rv iv ed  in  fae ce s  from the p rev ious y ea rs  c a lv in g  season. The 
index case  would then e x c re te  la rg e  numbers o f  K99+ jL  c o l i  to  which in  
contact calves, fed colostrum which are le s s  than 1d old, may be susceptib le . 
I t  i s  of in te r e s t  th a t  on a l l  four of the farms described in  t h i s  th e s is  from 
which K99+ E. c o l i  were iso la ted  from calves with diarrhoea, calving took place 
in deep l i t t e r  in  housing t h a t  a llowed c o n ta c t  between a l l  o th e r  c a lv e s  and 
cows.
The p rodu c tion  of K99” v a r i a n t s  of E*. c o l i  B41 in  a g n o to b io t ic  c a l f  
(Section 4) may be s im ila r  to  the i n  vivo lo ss  of K88 on c o l i  in  immunised 
pigs re p o r te d  by P o r te r  e t  a l .  (1978) and th e  in  v ivo  lo s s  o f  K88 and K99 on 
E. c o l i  in  mice rep o r te d  by Keyti e t  a l .  (1978). I t  seemed l i k e l y  t h a t  the 
K99” v a r i a n t s  o f E. c o l i  B41 developed in  th e  g n o to b io t ic  c a l f ,  which had 
a n t ib o d ie s  to  K99, in  a s im i l a r  way as the  K99~ v a r i a n t s  o f  E. c o l i  B41 and 
B117 incubated  in  an tise rum  to  E. c o l i  K12 K99 in S e c t io n  1. This was 
probably th e  r e s u l t  of s e l e c t iv e  p ressu re  of an im m unological n a tu re .  
However, Keyti e t  al. (1978) did not examine the a b i l i ty  of mouse a n t i  serum to 
induce l o s s  of K88 or K99 but suggested  t h a t  the  r a p id  l o s s  o f  K88 and K99
production  in  mice (up to  80% lo s s  w ith in  3d) was probably r e l a te d  to  the  
absence of a receptor to  the adhesin in the i le a  of adu lt  mice. I f  th is  were 
so i t  would be argued t h a t  s t a b le  lo s s  o f K99 p ro duc tio n  would occur a f t e r  
growth i n  v i t r o  on sim ple  la b o ra to ry  media which a re  u n l ik e ly  to  co n ta in  
re c e p to rs .  This does not occur and p rod uc tion  o f  K99 on th e se  media i s  a 
s ta b le  c h a r a c t e r i s t i c .  The low numbers o f  E. c o l i  B41 a s s o c ia te d  w ith  the  
i l e a l  mucosa of the  g n o to b io t ic  c a l f  suggested t h a t  the  c a l f  ileum had l o s t  
r e c e p to r s  fo r  K99 and, w ith  r e s p e c t  to  i t s  age, t h i s  would have been in  
agreement with the observations of Runnels e t  a l.  (1980). The proportion of 
K99” to  K99+ E. c o l i  B41 was only 20% making i t  d i f f i c u l t  t o  r e l a t e  l o s s  of 
K99 production to  lack of a receptor or active  immunity. Loss of K88 observed 
in vivo in p ig le ts  was reproduced In  v i t ro  and was not re la te d  to  antibody to  
K88 (Linggood and P o r te r ,  1978) or antibody to  0 a n t ig e n  a lthough  i t  was 
caused by p u r i f i e d  IgG (Linggood e t  a l . ,  1979). In  v i t r o  p roduction  of K99~ 
v a r i a n t s  o f j k  c o l i  B41 in an tiserum  to  j k  c o l i  K12 K99 excluded th e  
poss ib il i ty  th a t  i t  was re la ted  to  antibody to  the somatic antigen of EL. co li  
B41. Linggood and P o r te r  (1978) c la im  t h a t  permanent l o s s  of a p lasm id 
controlled character i s  normally accepted as evidence of plasmid curing. This 
approach was a l s o  adopted by Keyti e t  a l  (1978). The K99" v a r i a n t  of E. c o l i  
B41 described in  Section 1 did not produce K99 a f te r  6 subcultures and by the 
c r i t e r i o n  of Linggood and P o r te r  might be co ns idered  to  have l o s t  th e  K99 
plasmid. However, th is  cannot be accepted as a su b s t i tu te  fo r d i re c t  evidence 
which would involve a comparison of the plasmid content of the K99+ and K99” 
Jk c o l i  B41. Until th i s  evidence i s  availab le  the p o ss ib i l i ty  th a t  K99 i s  not 
expressed from a plasm id t h a t  may s t i l l  be p re s e n t  in  th e  K99” E. c o l i  B41 
cannot be excluded.
During the  survey of diarrhoea in calves in Southern England, described 
in Section 5, the typical c l in ic a l  syndrome of watery diarrhoea in calves le s s  
than 3 d o ld  was a lm o st e x c lu s iv e ly  a s so c ia te d  w ith  e x c re t io n  of more than 
e ig h t  K99+ E. c o l i  ou t o f 10 la c to s e  fe rm en tin g  c o lo n ie s  on MacConkey agar. 
This occurred  in  12 of 791 c a lv es  w ith  d ia r rh o e a  from 4 ou t of 93 farm s. 
Comparison with other agents for example ro tav iru s  and Salmonella tvphimurium. 
revealed th a t  K99+ E. c o l i  were a re la t iv e ly  unimportant cause of diarrhoea in 
calves during the w inters of 1981/82 and 1982/ 83 . K99+ jk  c o l i  were iso la ted
on two o ccas ion s  from normal ca lv es  but they comprised 10% o f  the  c o lifo rm  
f lo r a  of f a e c e s .  These c a lv es  were in  c o n ta c t  w ith  o th e r s  which would have 
excreted  109 or more K99+ E. ccili per gram of fae ce s .  The p resence  of K99+ E. 
c o l i  in  normal c a lv e s  may have been caused by p a ss iv e  e x c re t io n  fo l lo w in g
ingestion of contaminated l i t t e r .
The low inc idence  of d ia r rh o e a  caused by K99+ Jk  c o l i  combined w ith  
probable repression  of K99 synthesis in  older bovines would help to  explain 
the f a i lu re  of the blocking immunoradiometric assay to  de tec t K99 antibody in 
c a lf  serum from the Milk Marketing Boards Warren Farm.
Two of th e  four K99+ E. c o l i  d e te c te d  in  th e  survey described here  were 
found by Dr. J. Morris to be 09 K35 and 08 K85 which are typically  associated 
w ith  p rod uc tion  of K99. The rem ain ing  i s o l a t e s  belonged to  073 or 017 and 
0141, K85 serogroups which are a typ ica l. The 0141, K85 serogroup i s  closely 
associated with oedema disease of pigs. However, no history  of contact with 
pigs could be found on the  farm from which t h i s  E. c o l i  was i s o la t e d  bu t the  
p o s s i b i l i t y  of c o n ta c t  of bought in  c a lv e s ,  perhaps through t r a n s p o r t  
p rev ious ly  used fo r  p ig s ,  could not be excluded. The p roduction  of K99 by 
t h i s  s t r a i n  may r e p re se n t  a change in  th e  p re fe ren c e  of the  K99 plasm id f o r  
c e r ta in  se ro ty p es .  Another 0141, K85 E. c o l i  t h a t  produced K99 was typed by 
Dr. J. Morris in the same week as the  i so la te  described here. Previously th is  
se ro type  has never been a s s o c ia te d  w ith  p roduction  of K99 (Dr. J. M orris, 
personal communication).
The survey of c a l f  diarrhoea in Scotland fo r K99+ E. c o l i  carried  out by 
Dr. D. Sherwood for the winters of 1980/81 to 1982/83 produced s im ila r  r e s u l ts  to  
th e  survey d esc r ib ed  here . KQ9*E. c o l i  were I s o la te d  on 8 out of 70 farm s 
investigated but affected only 7% of a l l  calves. They were iso la ted  only from 
ca lv es  w ith  a sev e re ly  dehydra ting  d ia r rh o e a  which began a t  l e s s  than  3d of 
age. R e su l ts  o f l ig a t e d  c a l f  loop t e s t s  rev e a le d  t h a t  a l l  e n te ro to x in  
producing E. c o l i  were K99+ and t h a t  t h i s  was th e  h e a t  s t a b le  form. Six of 
the K99*E. c o l i  were of the 08 serogroup which presumably did not produce the 
an ion ic  adhesin . The rem ainder were of th e  09 serogroup which were no t 
examined fo r production of the anionic adhesin.
To summarise, K99+ Jk  c o l i  were a r e l a t i v e l y  uncommon cause of c a l f  
diarrhoea and since they are to  date the only estab lished  enteropathogenic E. 
c o l i  of th e  c a l f ,  d iag n o s is  of e n te r i c  c o l i b a c i l l o s i s  would seem to  be 
dependent on d e te c t io n  of K99+ i k  c o l i  in  fa e c e s ,  and i f  p o s s ib le ,  on 
d e te c t io n  o f  K99+ E. c o l i  adheren t to  th e  i l e a l  mucosa. The d e te c t io n  of E. 
c o l i  in  f a e c e s  i s  c le a r ly  u n s a t i s f a c to r y  s in c e  they were d e te c ted  in  th e  
faeces  o f  a lm ost a l l  c a lv es  w ith  d ia r rh o e a .  The low inc idence  of e n te r i c
c o l i b a c i l l o s i s  d e te c ted  in  the ' survey a lso  in d ic a te d  t h a t  w idespread 
v a c c in a t io n  a g a in s t  K99 in  Southern England, e s p e c ia l ly  when t h i s  d ise a se  
might be controlled  by management po lic ies , i s  not indicated.
F u r th e r  work to  be undertaken  w i th  E. c o l i  i s o l a t e d  during  the  survey 
descr ibed  h e re  inc lude  t e s t s  fo r  d i l a t i o n  of l i g a t e d  c a l f  loops. This may 
rev ea l  e n te ro to x in  producing E. c o l i  which a re  K99“ . I t  would a ls o  re v e a l  
enterotoxins active  in the c a l f  th a t  might be undetected in  a suckling mouse 
assay.
The se ra  used in  th e  survey was p repared  a g a in s t  E. c o l i  B41 and should 
have contained antibody to  the anionic adhesin. However, detection of anionic 
adhesin on bac teria  grown In v i t ro  i s  more d i f f i c u l t  than detection of K99. 
I t  i s  possible, therefore , tha t  some enterotoxigenic jk  co li  th a t  produced the 
anionic adhesin alone may have avoided dectection during the  survey. Runnels 
e t  a l.  (1980) revealed th a t  the receptor on c a l f  brush borders fo r  Jk  c o l i  B41 
d i s a p p e a r e d  w i th  age w hich s u g g e s te d  t h a t  th e  age r e s t r i c t i o n  on 
su scep tib i l i ty  th a t  applies to  E. co li  th a t  produce K99 also  applies to  those 
th a t  produce the anionic adhesin. I t  w i l l  be reca lled  th a t  almost a l l  calves 
in  the  survey l e s s  than 3d old w ith  watery d ia r rh o e a  e x c re te d  KQQ* E. c o l i . 
Ligated c a l f  loop te s ts ,  however, should reveal any previously undetected E. 
co li tha t  produce the anionic adhesin.
That a ty p ic a l  E. c o l i  can cause dysen tery  in  e x p e r im e n ta l ly  in fe c te d  
g n o to b io t ic  c a lv es  has in d ic a te d  the  need f o r  a sea rch  f o r  E. c o l i  in  survey 
samples t h a t  have an unusual colony morphology, produce u rease  and a re  
anaerogenic. This search i s  in  i t s  early stages but has already revealed the 
presence of a ty p ic a l  E. c o l i  in  fae ce s  from c a lv e s  w ith  d ia r rh o e a  on th r e e  
farm s. The s ig n i f ic a n c e  of th e se  i s o l a t e s  may depend upon e x p er im en ta l  
infection of gnotobiotic calves and the production of dysentery.
G irardeau (1980) in  France d e te c ted  ad h es iv e  E. c o l i  from c a lv e s  w i th  
diarrhoea th a t  were K99“. Contrepois e t  a l.  (1982) reported the production of 
an adhesin, Fy, by these Jk coli th a t  i s  s t ru c tu ra l ly  and functionally  s im ila r  
to ,  but a n t ig e n ic a l ly  d i s t i n c t  from K99. Pohl e t  a l .  (19 8 2 ) in Belgium 
s im i la r ly  d esc r ib ed  an adhesin  Att25, on K99" E. c o l i  i s o l a t e d  from c a lv e s  
with diarrhoea, which was not consistently  associated with the production of
h e a t  s t a b le  e n te ro to x in  (Pohl e t  a l . ,  1983). I t  seems t h a t  Fy and Att25 a re  
probably the same antigen (Pohl e t  a l.,  1982) and th a t  Dr. J. Morris (personal
communication) has detected i t  on Jk c o li  iso la ted  from calves with diarrhoea
on the west coast of Scotland. Antisera i s  to  be produced here to  the.Att25+ 
E. c o l i  d e te c te d  by Dr. J. M orris and used to  examine th e  E. c o l i  i s o l a t e d  
from the survey of c a l f  d ia r rh o e a .  In a d d it io n  ex perim en ta l  i n f e c t i o n s  of 
conventional and g n o to b io t ic  c a lv es  may be a ttem pted  to  e s t a b l i s h  any 
diarrhoeagenic po ten t ia l ,  the age of s u s c e p t i b i l i t y  and the  p a th o g e n e s is  o f 
disease caused by these bacteria .
The dysentery in gnotobiotic  calves caused by experimental in fec tio n  with 
an a typical jk  co li  iso la ted  from naturally  occuring cases of dysentery had a 
re la tiv e ly  long incubation period when compared with K99 Jk c o l i  in fec tions. 
In th is  respect i t  was s im ila r  to  a diarrhoea caused in rab b its  by an j k  co li  
s t r a in  RDEC-1 (Cantey and Blake, 1977). The delay between i n f e c t i o n  and 
development of diarrhoea in  rab b its  has been explained by a period in  which E. 
c o l i  f i r s t  c o lo n ise  th e  M c e l l s  of the  Peyers patch fo llow ed  by th e  r e s t  of 
the  i l e a l ,  caeca l and c o lo n ic  mucosa (Inman and Cantey, 1983). Presumably 
during the  c o lo n is a t io n  of Peyers patch in  vivo s y n th e s is  occu rs  o f  f a c t o r s  
tha t allow attachment to  and colonisation of other areas of mucosa.
A s im ila r  chain of events in in fec tions of calves by the a typ ica l  j k  c o li  
may take place, perhaps to  specia lised  c e l l s  of the colon, and would explain 
the lack of adhesion of .in v i t r o  grown bacteria  to  colonic t is su e  in  i n  v i t ro  
tes ts .  The r e s u l ts  of scanning electronmicroscopy on colon of in fec ted  calves 
revealed Jk c o li  strongly adherent to  specific  groups of c e l ls .  However, an 
in  v i t r o  t e s t  of adhesion  to  c a l f  colon or rectum  would be e s s e n t i a l  fo r  
d e ta i le d  c h a r a c t e r i s a t i o n  of adhesins . The m ild b a c te ra em ia  caused in  
gnotobiotic calves in fec ted  with an a typ ica l J k  co li did not occur in  rab b its  
in fe c te d  w ith  RDEC-1 E. c o l i . In t h i s  r e s p e c t  th e  dysentery  was s i m i l a r  to  
salmonellosis. However, the c a l f  was gnotobiotic and i t  i s  not c e r ta in  th a t  
bacteraemia would occur in a c a l f  fed colostrum, which the r e s u l t s  o f  Section 
4 suggest, may gain pro tection  in  the form of opsonins to  a d iverse  range of 
b a c te r ia .  E n te ro in v as iv e  E. c o l i  of humans can cause s i m i l a r  p a th o lo g ic a l  
changes in  experimental in fec tion  of rab b its  as Shigella in fec tio n s  in  humans 
(Cantey e t  a l.,  1977). Such s t ra in s  have now been shown to  produce cytotoxins 
serologically re la te d  to shiga toxin (O’Brien e t  a l., 1982). Gross pathology 
of g n o to b io t ic  c a lv e s ,  however, rev ea led  no u lc e r a t io n  of mucus membranes 
typical of Shigella spp in fec tions. Whether the congestion and haemorrhage of 
colon and rectum mucus membranes in  ca lv es  i s  caused by a to x in  or by th e  
ho s ts  response to  m assive c o lo n is a t io n  i s  u n c lea r .  Consequently t e s t s  of
toxin  p roduction  w i l l  be undertaken  which a re  s i m i l a r  to  those  p rev io u s ly  
employed fo r  E. c o l i  (Konowulchuck e t  a l.,  1978). The detection of E. c o li  in 
" colonic lamina propria by immunoperoxidase has a lso  emphasised the  need for 
t e s t s  o f i n v a s io n  o f  m am m alian c e l l s  s i m i l a r  t o  t h o s e  em ployed  in  
investigations of the pathogenesis of Salmonella tvphimurium in fec tions  (Jones 
and Richardson, 1981).
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adiolabelled anionic and cationic components were purified from K99 extracts of
scherichia coli B41 by immunoelectrophoresis using absorbed K99 antisera. SDS-
lyacrylamide gel electrophoresis revealed that the apparent molecular weights of the 
lypeptide subunits were 34000 and 19000, respectively. Both anionic and cationic antigens 
cell-free K99 extracts adhered to sheep erythrocytes after 90 min at 4 °C, but the cationic 
tigen eluted after a further 1 h at 37 °C. The anionic antigen did not elute from sheep
throcytes after 18 h at 37, 43 or 56 °C.
I N T R O D U C T I O N
Some enterotoxigenic strains of Escherichia coli from calves, lambs and, less frequently, 
lets with diarrhoea (Moon et al., 1977) possess a transmissible common antigen (Smith & 
nggood, 1972) designated K99 (0rskov et al., 1975). K99 antigen is fimbrial and cell-free 
eparations cause haemagglutination of various erythrocytes, as well as inhibiting adhesion 
intestinal brush border cells by K99-producing E. coli (Burrows et al., 1976). Colonization 
the ileum is assisted by K99 antigen (Smith & Huggins, 1978) which is produced at 
iperatures above 25 °C (De Graaf et al., 1980).
Isaacson (1977) isolated a fimbrial structure from a K12 transconjugate of the K99 
erence strain E. coli B41 (0rskov et al., 1975) which gave a precipitin line with K99 
tisera which had been absorbed with cultures of the ,K99-bacteria grown at 18 °C. This 
ucture, which appeared to consist of two polypeptide subunits with apparent molecular 
ights of 22500 and 29500 and had an isoelectric point of 10, did not haemagglutinate 
inea-pig erythrocytes.
Morris et al. (1980) described antibodies in sera to all K99-positive E. coli which formed 
cipitates in immunoelectrophoresis with a cationic component of E. coli B41. This 
nponent was a strong haemagglutinin of horse erythrocytes but haemagglutinated sheep 
throcytes poorly. In contrast, sera to some K99-positive E. coli contained antibodies to an 
igenically distinct anionic component. This component was a strong haemagglutinin of 
h horse and sheep erythrocytes.
This report describes experiments to establish, firstly, the apparent molecular weights of 
units of the anionic and cationic antigens from E. coli B41 which reacted with absorbed 
9 antisera and, secondly, to determine whether the same molecules in cell-free K99 
parations cause haemagglutination. Qualitative differences were found in their adhesion to 
ep erythrocytes.
M E T H O D S
'scherichia coli. Escherichia coli strain B41 was kindly supplied by Mr M. R. Burrows and grown on modified 
X agar (Burrows et al., 1976) at 37 °C for 18 h.
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K99 antiserum. Antiserum to K99 was prepared in a rabbit against E. coli B41 (Sojka, 1965) and absorbed wi 
cultures of E. coli B41 grown at 18 °C.
Preparation o f cell-free K99. K99 was separated from E. coli B41 cells by homogenization in an Atomix at h 
speed in 1 M-NaCl, precipitation from cell-free supernatant fractions with 36% saturated ammonium sulphate, an 
dialysis at 4 °C against phosphate-buffered saline (PBS, pH 7-2) (Isaacson, 1977). The preparation was the 
precipitated three times by reducing the pH to 4-2 with 0-2 M-acetic acid (Stirm et al., 1967).
Radioiodination o f  K99. A K99 preparation was labelled with 125I by the chloramine T method (Hunter, 1980).
Polyacrylamide gel electrophoresis (SD S-PA G E ). Slab gels were run with the discontinuous buffer system 
Laemmli (1970). Polypeptides were located after staining with Coomassie brilliant blue and, where appropriat 
autoradiographs were prepared. Molecular weights (corrected to two significant figures) were calculated b 
reference to the mobility of bovine serum albumin, ovalbumin, lactate dehydrogenase and myoglobin relative t 
that of bromothymol blue.
Immunoelectrophoresis. The method of Morris & Hussaini (1974) was used. Immunoelectrophoresis gels we 
washed in ten changes of PBS followed by one change of distilled water over 5 d. Precipitin lines were cut out f 
analysis by SDS-PAGE and electron microscopy.
Agar gel which contained precipitin lines was broken up in PBS by forcing it several times through a fine-bo 
needle. Large fragments of agar settled quickly after leaving samples to stand on the bench for 60 s. Supernat 
fractions which contained fine agar fragments were sampled for electron microscopy.
Chemical analyses. Protein concentrations were estimated spectrophotometrically by the method of Ehresma 
et al. (1973). Carbohydrate concentrations were measured colorimetrically by the indole method of Ashw 
(1957), using a sucrose standard.
Haemagglutination tests. The method of Burrows et al. (1976) was used. Tests were incubated at 4 °C for 2 
before reading.
Electron microscopy. K99 (1 mg ml-1) and immune precipitates in PBS were dropped on to Formv 
carbon-coated grids. After 30 s, excess fluid was removed with filter paper. The grids were then stained for 1 
with 1 % (w/v) sodium phosphotungstate. Excess stain was removed and grids were air-dried before examination 
a Philips SP300 electron microscope.
Adherence o f cell free  K99 to erythrocytes. Unless otherwise stated Alsever’s buffer and centrifugation at 150 
for 5 min at 4 °C were used in tests for adherence of K99 to erythrocytes. Sheep erythrocytes were washed 
buffer until the absorbance of supernatant at 280 nm was less than 0-1. One ml of packed erythrocytes was mix 
with 2 mg of radiolabelled K99 in 1 ml buffer, incubated at 4 °C for 90 min and centrifuged. The supernat 
fraction was sampled and analysed by SDS-PAGE. The erythrocytes were washed three times in 10 ml buffer 
4 °C, centrifuged, resuspended in buffer to 2 ml, incubated at 37 °C for 1 h and centrifuged at 2700 g for 5 min 
room temperature; 25 pi samples of the last supernatant fraction and 5 pi samples of the packed erythrocytes w 
analysed by SDS-PAGE. The erythrocytes were washed a further three times in buffer, resuspended in buffer 
2 ml and incubated for 18 h at 37 °C; 25 pi samples of the supernatant fraction and 5 pi samples of the pac 
erythrocytes were analysed by SDS-PAGE. Tests for the adherence of cell-free K99 to erythrocytes were done 
the presence or absence of 1 % (w/v) D-mannose.
R E S U L T S  A N D  D I S C U S S I O N  
Determination o f subunit molecular weights o f  antigens in the K99 preparation
All bands present in SDS-PAGE gels were iodinated by the treatment adopted and 
polypeptides concerned could, therefore, be followed reliably by autoradiography.
The K99 preparation contained polypeptides with apparent molecular weights of 19 C 
(19K), 34000 (34K) and 38000 (38K) in addition to higher molecular weight pblypeptii 
(two preparations represented in Fig. 1 lane 1 and Fig. 2 lane 1). The bands in Fig. 2 lan 
that are not apparent in Fig. 1 lane 1 may have been due to variation in denaturation cau; 
by radioiodination (Hunter, 1980). K99 preparations contained 2-4%  carbohydn 
96-98%  protein and formed two cationic and two anionic lines in immunoelectrophon 
with antisera to E. coli B41. Electron microscopy revealed fimbriae in K99 preparations.;
Immunoelectrophoresis of the K99 preparation with K99 antisera resulted in one catio 
and one anionic precipitin line. SDS-PAGE gels revealed that the anionic antigen consis 
of the 34K polypeptide (Fig. 1 lane 2). The cationic antigen consisted of the 19K and 3 
polypeptides (Fig. 1 lane 3). The 38K polypeptide did not appear in SDS-PAGE gels wl 
2-mercaptoethanol was excluded from the sample buffer. Presumably the 19K polypeptid<
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Fig. 1. A utoradiographs o f S D S -P A G E  analyses o f im m unoelectrophoresed K 99 preparation. Lane 1: 
K99 preparation. Lane 2: Anionic precipitin line. Lane 3: Cationic precipitin line.
Fig. 2. A utoradiographs o f S D S -P A G E  analyses o f K99 in erythrocyte adherence tests. Lane 1: K99 
preparation. Lane 2: Supernatant fraction after incubation o f K99 with sheep erythrocytes for 90 min at 
4 °C . Lane 3: Supernatant fraction of sheep erythrocytes, mixed with K99 at 4 °C , washed and then 
incubated for 1 h at 37 °C . Lane 4: Sheep erythrocytes mixed with K99 at 4 °C , washed and then 
incubated for 1 h at 37 °C . Lane 5: Supernatant fraction o f sheep erythrocytes mixed with K99 at 4 °C , 
washed at 37 °C  and incubated for 18 h at 37 °C . Lane 6: Sheep erythrocytes mixed with K 99 at 4 °C , 
washed at 37 °C  and incubated for 18 h at 37 °C .
The experiments in Figs 1 and 2 were reproduced once with the same results. In addition, the results of 
three pilot experiments were in agreem ent with these observations.
native form contains a disulphide bond which w as broken by 2-m ercaptoethanol in the 
nple buffer. The running gel did not contain 2-m ercaptoethanol and disulphide bonds may 
ve reformed between 19K polypeptides to give a 38K  dimer.
Electron micrographs o f  agar fragm ents which contained cationic and anionic precipitin 
is from im m unoelectrophoresis, in which K 99 antiserum was used, revealed negatively  
ined structures suggestive o f  fimbriae. If the anionic antigen is fimbrial. its subunit 
'lecular weight o f  34K  w ould be relatively large; K 88, K 99 and type 1 fimbriae have 
lunits with m olecular weights o f  between 17K and 25K . Investigations to establish the 
lecular structure o f  the anionic antigen are proceeding.
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Adherence ofK 99 to erythrocytes
SDS-PAGE gels of the supernatant fraction sampled after mixing K99 with shee 
erythrocytes at 4 °C for 90 min revealed that the 38K, 34K and 19K polypeptides wer 
depleted along with other polypeptides (Fig. 2 lane 2). After washing of the erythrocytes an 
subsequent incubation at 37 °C for 1 h, the adhesin(s) consisting of the 19K and 38 
polypeptides eluted (Fig. 2 lane 3). At least four other higher molecular weight polypeptide 
also eluted in addition to a 13K polypeptide, which was not found in SDS-PAGE gels of K9 
preparations from pilot experiments (compare Fig. 1 lane 1 and Fig. 2 lane 1). Thi 
polypeptide may be the result of denaturation caused by radioiodination. After washing an 
when incubated at 37 °C for 1 h, and for a further 18 h, the 34K polypeptide remained firml 
bound to the erythrocytes (Fig. 2 lanes 4, 5 and 6). Further investigation revealed that th 
34K adhesin could not be eluted from sheep erythrocytes by incubation for 18 h at 43 °C o 
56 °C. However, incubation of erythrocytes in 2 M-NaCl for 1 h at 4 °C caused 20% of th 
34K polypeptides to elute.
Binding to sheep erythrocytes of the adhesin that consisted of the 34K polypeptide was n 
affected by membrane fluidity or increased kinetic energy changes that occur between 4 an 
56 °C but was partially affected by the chaotropic and ionic effects of 2 M-NaCl. In contras 
binding of the adhesin(s) that consisted of the 19K and 38K polypeptides was easily broke 
by protein conformation, membrane fluidity and kinetic energy changes that occur between 
and 37 °C.
Haemagglutination tests
The K99 preparation diluted to 2 mg ml-1 (as in the erythrocyte adhesion experimen 
caused haemagglutination of horse, sheep and guinea-pig erythrocytes at titres of 1/32, 1 
and 1/4, respectively. Preparations were then incubated at 37 °C. The haemagglutinin f 
horse and guinea-pig erythrocytes eluted in all wells within 15 min. The haemagglutinin f 
sheep erythrocytes eluted within 15 min at 37 °C in the well that contained o 
haemagglutinin unit (the last well showing haemagglutination), but wells that contained t1 
or more units failed to elute after 2 h at 37 °C.
After K99 and packed sheep erythrocytes had been mixed and incubated at 4 °C f 
90 min, the supernatant fraction caused haemagglutination of horse erythrocytes at a titre 
1/4 at 4 °C and the haemagglutinin eluted within 1 h at 37 °C.
The supernatant fraction from an erythrocyte adherence experiment which contained t 
19K and 38K but not the 34K polypeptides (see Fig. 2 lane 3) caused the haemagglutinati 
of horse and sheep erythrocytes at titres of 1/128 and 1/8, respectively. Haemagglutinin in 
wells eluted within 5 min at 37 °C.
The supernatant fraction from an erythrocyte adherence experiment which contained oi 
the 34K polypeptide, eluted from erythrocytes with NaCl, caused haemagglutination 
horse, sheep and guinea-pig erythrocytes at titres of 1/2, 1 (undiluted) and 1, respective 
The haemagglutinin for horse and guinea-pig erythrocytes eluted within 5 min and 15 m 
respectively, at 37 °C. The haemagglutinin for sheep erythrocytes failed to elute after 2 h 
37 °C.
Haemagglutination was not affected by the presence or absence of D-mannose.
The findings of the haemagglutination tests confirm those of the erythrocyte adherer 
experiments. The 19K and 38K polypeptides eluted from sheep erythrocytes at 37 °C whi 
the 34K polypeptides did not. However, assuming the same polypeptides in the K 
preparation cause haemagglutination of different erythrocytes, the 34K polypeptides elul 
from horse and guinea-pig erythrocytes at 37 °C as did the 19K and 38K polypeptides fr< 
horse, guinea-pig and sheep erythrocytes. Morris et al. (1980) demonstrated the ability of 1 
anionic antigen to adhere to brush border cells. If this adhesion is necessary for in v\ 
colonization of the neonatal calf ileum (Smith & Huggins, 1978), then it should occur
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7 °C. Consequently, the relevant sheep erythrocyte receptor may resemble the brush border 
eceptor more closely than do the horse and guinea-pig erythrocyte receptors.
The elution of the cationic component of the K99 antigen from sheep, horse and guinea-pig 
rythrocytes at 37 °C suggests that the receptors on these differ materially from those on 
rush border cells.
I would like to thank Dr J. M. Rutter, Dr D. J. Garwes and Mr R. Sellwood for advice and encouragement and 
Iso Dr D. J. Garwes for radioiodinations and Mr H. Anger for assistance with electron microscopy.
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Partial Purification and Characterization of Two Non K99 Mannose- 
resistant Haemagglutinins of Escherichia coli B41
By N. C H A N T E R
Agricultural Research Council, Institute for Research on Animal Diseases, Compton, Newbury,
Berkshire RG16 ONN, U.K.
(Received 13 April 1982; revised 11 June 1982)
K99~ variant of Escherichia coli B41 was produced by growing the parent strain in the 
resence of antiserum to E. coli K12K99. Two mannose-resistant and eluting (MRE) 
aemagglutinins with molecular weights greater than 20 x 106 were extracted from the cell 
urface of the variant. One was an anionic antigen, partially purified by ammonium sulphate 
nd isoelectric point precipitation, which adhered to calf intestinal brush borders; it was a 
rotein composed of subunits with mol. wt 34000. Electron microscopy showed that this 
aterial did not have a regular fimbrial appearance, but contained some fine fibrillar structures, 
second MRE haemagglutinin which was also partially purified by ammonium sulphate 
recipitation, had a definite fimbrial structure, being a protein composed of two subunits of mol. 
149500 and 48000. This antigen was probably responsible for the fimbrial appearance of the 
99" variant, but it was antigenically distinct from the anionic adhesin and did not adhere to 
alf intestinal brush borders.
INTRODUCTION
Adhesion to the surface of the small intestine, assisted by the fimbrial antigen K99 (Smith & 
ingood, 1972), may be the first step in the colonization process by some enterotoxigenic 
scherichia coli in calves, lambs and piglets (Moon et al., 1977). Morris et al. (1980) described 
tibodies in antisera to all the K99 E. coli strains tested which reacted with a cationic antigen of 
. coli B41; this antigen was K99. Antibodies in antisera to some K99 E. coli strains also reacted 
ith an anionic antigen of E. coli B41. Antigen preparations that contained either, but not both 
tigens, caused MRE haemagglutination of horse and sheep erythrocytes. Only the 
eparation which contained the anionic antigen consistently inhibited adhesion of E. coli B41 
calf intestinal brush borders.
Chanter (1982) showed that a haemagglutinin of polypeptide subunits with mol. wt 19000 
mprised the cationic antigen K99 and that the anionic antigen consisted of a haemagglutinin 
polypeptide subunits with mol. wt 34000.
Further characterization of the anionic adhesin in this laboratory has been hampered by 
rification procedures (ammonium sulphate and isoelectric point precipitation, ion exchange 
d gel filtration chromatography, preparative electrophoresis, immunoelectrophoresis, and 
emadsorption) that resulted in preparations contaminated by K99. Methods which overcame 
;se difficulties have been developed and these have enabled demonstration of a third MRE 
emagglutinin on the K99 reference strain E. coli B41.
Abbreviations: IE, Immunoelectrophoresis; IRA, immunoradiometric assay; MRE, mannose-resistant and 
ting haemagglutinin; PBS, phosphate-buffered saline.
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METHODS
Escherichia coli. Escherichia coli strains B41 (0101 :K99), B117 (08 :K85, K99), SI 3 (08  :K85, K99), aK 12 and 
a K12 K99+ transconjugate of' E. coli B41 were kindly supplied by Mr M. R. Burrows. Strains W1 (0149 :K91, 
K88ac), M2225 (09 :K103,987p) and K12 strains C600 and F711 were kindly supplied by Mr R. Sellwood. Unless 
otherwise stated, bacteria were grown at 37 °C for 18 h on modified TGX agar (Burrows et al., 1976) containing 
0-1% (w/v) Lab Lemco (Oxoid).
Antisera. Antisera to bacteria were prepared in rabbits (Sojka, 1965) and, where necessary, absorbed with 
homologous bacteria grown at 18 °C. Bacteria grown at 18 °C do not produce K99 or the anionic adhesin describe 
by Morris et al. (1980). Antisera to the partially purified fractions of E. coli were prepared in rabbits using tw 
subcutaneous inoculations, separated by 4 weeks, of 2 mg material in 2 ml Freund’s incomplete adjuvant (Difco). 
Antisera were collected four weeks after the last inoculation.
Extracts o f bacteria. Material was removed from the surface of bacteria by homogenization of 10-20 g wet wt i 
a blender (MSE, Atomix) at half speed for 5 min in 100 ml volumes of 0-05 M-phosphate buffer, pH 7-2, containin 
1 M-NaCl (Isaacson, 1977), followed by centrifugation at 20000# at 4 °C for 60 min. Proteins were differentiall 
precipitated from the supernatant buffer by stepwise increases in ammonium sulphate concentration. After eac 
stepwise increase, precipitate was removed by centrifugation (20000# at 4 °C for 10 min). Precipitates were the 
dialysed in 0-05 M-phosphate buffered isotonic saline (PBS), pH 7-0.
Antigen K99. K99 was prepared from E. coli K12 K99 by precipitation of an extract with 30% saturated amm 
nium sulphate and recovery of the precipitate by centrifugation and dialysis against PBS as described above
Radioiodination o f proteins. Partially purified proteins and antibodies to K99 were labelled with 125I by th 
chloramine T method (Hunter, 1978).
Polyacrylamide gel electrophoresis (SDS-PAGE). Slab gels were run with the discontinuous buffer system o 
Laemmli (1970). Polypeptides were located after staining with Coomassie brilliant blue and, where appropriat 
by autoradiography. Molecular weights (corrected to three significant figures) were calculated by reference to th 
mobility of bovine serum albumin, ovalbumin, lactate dehydrogenase and myoglobin, relative to that 
bromothymol blue, and were derived from the mean figures for five gels.
Immunoelectrophoresis (IE). The method of Morris & Hussaini (1974) was used.
Immunodiffusion tests. The method of Ouchterlony & Nilsson (1978) was used. Gels containing radiolabell 
antigen were washed in ten changes of PBS followed by one change of distilled water over 5 d. Where applicabl 
precipitin lines were cut out and boiled in an approximately equal volume of double strength sample buffer befo 
layering onto gels for analysis by SDS-PAGE.
Column chromatography. Bacterial fractions (500-700 (ig protein ml-1) were applied in a sample volume of 1 
to a Sepharose 4B CL column (15 x 1 cm; Pharmacia), equilibrated in PBS and eluted at a flow rate of 2-0 ml h 
at 4 °C. Fractions were collected every 20 min.
Chemical analysis. Protein concentrations were estimated spectrophotometrically by the method of Ehresma 
et al. (1973). Carbohydrate concentrations were measured colorimetrically by the indole method for to 
carbohydrate (Ashwell, 1957), using sucrose as a reference.
Haemagglutination tests. The method of Burrows et al. (1976) was used. Tests were incubated at 4 °C for 2 
before reading. The test was modified (where applicable) for an assessment of mannose-sensitive haemagglutini 
by excluding mannose from the buffer and by incubation of tests at 37 °C for 2 h. Bacterial extracts a 
suspensions were held at 100 °C for 30 min or treated with 0-5% (v/v) formaldehyde at 37 °C for 4 h prior to the te 
to assess temperature and chemical stability of the haemagglutinin. Resistance of haemagglutination to tryps 
was examined as follows. 50 pi trypsin solution (10 mg ml-1 ; Sigma, type III) was diluted in 450 pi 
haemagglutinin preparation containing 200 pg of protein, and incubated at 37 °C for 1 h. To check the activity 
the trypsin, samples were removed from the reaction mixture at intervals for analysis by SDS-PAGE. Trypsin w 
inactivated by incorporation of 2% (w/v) bovine serum albumin in buffer used in haemagglutination tests.
Haemagglutination inhibition tests. A three volume test was used (total volume, 60 pi) in which preparations we 
diluted to 2 haemagglutinin units in 3% (w/v) D-mannose. Antibody, serially diluted in a round-bottom 
microtitre tray, and haemagglutinin were allowed to react for 30 min at 20 °C before washed erythrocytes w t 
added. Tests were incubated at 4 °C for 2 h before reading.
Brush border adhesion tests. Brush borders were prepared from 2 lengths of small intestine, taken 1 m above t 
ileo-caecal valve from calves 1-2 d old. The adhesion test was performed as described by Burrows et al. (197 
Inhibition of adhesion to brush borders was carried out by the addition of 10 pi of isolated adhesin (200 pg ml-1) 
100 pi of PBS which contained approximately 106 brush borders and 108 bacteria. Preparations were th 
incubated at 37 °C for 30 min. Tests for adhesion of bacterial fractions to brush borders were carried out by 1 
addition of 10 pi of radiolabelled protein (200 pg ml-1) to 90 pi of brush borders [106 ml-1 in PBS containing 1 i 
(w/v) bovine serum albumin], which were incubated at 37 °C for 30 min. Brush borders were then washed twice 
buffer and counted in a PRIAS PGD Autogamma (Packard Instruments). A negative control consisted of nc 
adhesive brush borders (brush-borders lacking in K99 receptors) from a calf more than 1 week old.
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Production and isolation o f K99~ variants to E. coli B41. Ethidium bromide (BDH) was sterilized by filtration and 
added to Oxoid nutrient broth no. 2 at 100 |ig ml-1. Broth cultures inoculated with E. coli B41 to give an initial 
concentration of 100 c.f.u. ml-1 were incubated statically at 37 °C for 18 h. After being subcultured in small 
numbers until the bacteria had passed through approximately 60 generations, broths were diluted and spread onto 
agar plates. Plates were incubated at 37 °C for 18 h before colonies were tested for K99 production by slide 
agglutination, immunoradiometric assay, SDS-PAGE and IE. Alternatively, E. coli B41 was serially subcultured 
at 43 °C for 72 h, diluted and spread onto agar plates which were incubated at 37 °C for 18 h before colonies were 
tested for K99 production.
Selection and isolation o f K99~ variants o f E. coli B41. Escherichia coli B41 (109 organisms) were added to 4 ml of 
rabbit antiserum raised against E. coli K12 K99 and 1 ml of rabbit serum which had been stored at —70 °C and 
served as a source of complement. The bacteria were incubated at 37 °C for 24 h. Serial dilutions were spread on 
plates and incubated at 37 °C for 18 h; colonies were examined for K99 production.
Immunoradiometric assay (IRA) for K99. Anti-K99 antibodies were purified by an immunosorbent method. A 
K99 preparation (5 mg) was further purified by adsorption to washed erythrocytes at 4 °C followed by three 
washes in PBS at 4 °C and by elution and separation from erythrocytes at 37 °C. The yield was 3 mg and according 
to SDS-PAGE the preparation contained one polypeptide with mol. wt of 19000. Purified K99 was attached to 
Sepharose 4B CL (Pharmacia) by the CN-Br method of Fuchs & Sela (1978). The immunosorbent was mixed 
with 2 ml of antiserum to E. coli B41 for 15 min at 20 °C and washed five times in PBS. K99 antibody was eluted by 
resuspension of the immunosorbent in 2 ml of 0-1 M-glycine/HCl buffer pH 2-0 for 15 min. The eluate was 
removed and the pH adjusted to 7-4 with 1 M-Tris/HCl buffer.
Antibody to K99 (50 pg) was labelled with 0-5 mCi (18-5 MBq) of 125I, centrifuged at 10000 g  for 15 min and 
diluted to 10000 c.p.m. (10 pi)-1 in IRA buffer [1-5% (w/v) bovine serum albumin, 10% (v/v) foetal calf serum in 
PBS]. Suspensions (100 pi) of approximately 109 c.f.u. ml-1 were mixed with 10 pi of 125I-labelled anti-K99 
antibody, incubated at 4 °C for 30 min, 37 °C for 30 min and centrifuged at 10000 g  for 2 min. The supernatant 
was removed and the pellet washed twice by resuspension in IRA buffer and centrifugation at 10000 g  for 2 min. 
The radioactivity of both centrifuge tubes and pellets was counted.
Electron microscopy. Fractions of bacteria (200 pg protein ml-1) in PBS were dropped onto Formvar/carbon- 
coated grids. After 30 s, excess fluid was removed with filter paper. The grids were then stained with 1 % (w/v) 
sodium phosphotungstate (pH 6-8).
Bacteria, on Formvar/carbon-coated grids, were fixed with 1 % (w/v) aqueous osmium tetroxide, washed with 
distilled water and coated with gold/palladium at an angle of 45° in an Edwards coating unit (Bradley, 1965). All 
specimens were examined in a Philips EM 300 at instrumental magnifications of 20000-55000 with an 
acceleration voltage of 80 kV.
RESULTS
Isolation and characterization o f a K99~ variant o f E. coli B41
Attempts to induce K99-  variants of E. coli B41 by growth either in the presence of ethidium 
bromide or at high temperatures failed.
96-97% of colonies of E. coli B41 which had been incubated with antiserum to is. coli K12 K99 
were entire, 2 mm in diameter and agglutinated by antisera to E. coli K12 K99 and to E. coli B41 
that were absorbed with organisms grown at 18 °C; this indicated the presence of K99. The 
remaining colonies were 4 mm in diameter, crenated and were agglutinated by absorbed 
antiserum to E. coli B41. They were not agglutinated by absorbed antiserum to E. coli K12 K99. 
This pattern of agglutination remained constant after six subcultures at 37 °C and indicated that 
he variants did not possess K99 but produced another antigen at 37 °C, but not at 18 °C.
One K99~ variant was chosen for further characterization. The IRA revealed that 
iuspensions of the variant grown at 37 °C containing > 109 organisms ml-1 did not contain K99. 
The IRA was regularly capable of detecting K99 in suspensions of 106 E. coli B41 ml-1, but did 
lot react with K99+ E. coli grown at 18 °C.
SDS-PAGE of cell-free extracts, concentrated by precipitation in 36% saturated ammonium 
ulphate from the variant grown at 37 °C, revealed the absence of the 19000 mol. wt polypeptide 
ubunit of K99. The 34000 mol. wt polypeptide subunit of the anionic adhesin was of 
comparable intensity to that of the parent strain (Fig. 1).
IE performed with cell-free extracts from the K99" variant and absorbed antiserum to E. coli 
141 produced one anionic precipitin line. The cationic line produced in this test by cell-free 
extracts from K99+ E. coli B41 was absent.
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Fig. 1 Fig. 2
Fig. 1. S D S -P A G E  of cell extracts from  E. coli B41 (lane 2) and the K99~ E. coli (lane 3). Lane 1 
contains the molecular weight standards. T his result has been reproduced five tim es.
Fig. 2. S D S -P A G E  of a cell ex tract from  E. coli B41 (lane 2), 30% am m onium  sulphate frac tion  o f a cell 
ex tract from the K99" E. coli B41 (lane 3) and a subsequent 45%  am m onium  sulphate fraction  (lane 4). 
Lane 1 contains the m olecular weight standards. T his result has been reproduced four times.
The variant when grown at 37 °C adhered to brush borders ( > 1 0 - 1 2  bacteria per brush 
border). By contrast, the variant when grown at 18 °C did not adhere to brush borders but did  
adhere to other refractile material in brush border preparations. The wild-type E. coli B41 
reacted in brush border tests in the same way.
Partial purification and characterization o f  the anionic adhesin 
A cell extract from the K 99-  variant o f  E. coli B41 made 30% saturated w ith am m oniuir 
sulphate developed a precipitate w hich was soluble in PBS and contained approxim ately 50°/, 
protein and 50% carbohydrate. S D S -P A G E  revealed a single polypeptide o f  mol. wt 3400( 
(Fig. 2). The carbohydrate com ponent was reduced to 4% w ithout loss o f  haem agglutinatinj 
activity by four serial precipitations at pH 4-2 (Stirm et al., 1967). T his m aterial produced i 
single anionic line when tested by IE against E. coli B41 antiserum. A ntiserum  to thi; 
preparation agglutinated K 99+ E. coli B41 organism s grown at either 18 or 37 °C. Wher 
absorbed w ith K99~ organisms grown at 18 °C, this antiserum agglutinated only K 99-  E. col 
grown at 37 °C. These findings suggested that the partially purified polypeptide wa: 
contam inated w ith small amounts o f  O-antigen.
A solution o f the anionic adhesin, which contained 30 pg protein m l-1 , caused agglutinatioi 
o f sheep and horse erythrocytes to titres o f 1/256 and 1/64, respectively. Treatm ent w ith trypsii 
or form aldehyde did not affect the haem agglutination titre but the titre was reduced to less thar
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20% by prior treatment of the adhesin at 100 °C for 30 min. In contrast, the K99 
haemagglutination titre was reduced by all three treatments.
Anionic adhesin inhibited adhesion of the K99-  E. coli B41 to brush borders by more than 
90%, but did not inhibit adhesion of K99+ E. coli B41 or E. coli K12 K99 to brush borders. 
Radiolabelled anionic adhesin reacted with adhesive brush borders with a binding ratio 
(defined as count/background count) of three, but did not react with non-adhesive brush 
borders. In contrast, radiolabelled K99 reacted with adhesive brush borders with a binding ratio 
of less than two, which was not considered significant. Unlabelled K99 was unable to prevent 
the adhesion of E. coli B41, K99- E. coli B41 or E. coli K12 K99 to brush borders.
Anionic adhesin eluted from a Sepharose 4B CL column in the void volume, which indicated 
that the 34000 mol. wt subunits were assembled into structures of mol. wt greater than 20 x 106. 
Electron micrographs of negatively stained preparations of anionic adhesin revealed both long 
parallel-sided processes, approximately 3 nm in diameter (Fig. 3 b) and structures with irregular 
morphology which predominated (Fig. 3 a).
Partial purification and characterization o f a non-K99 non-anionic adhesin M RE haemagglutinin
The extract of the K99-  variant of E. coli B41 from which the anionic adhesin had been 
emoved by 30% saturated ammonium sulphate was made 45% saturated with respect to 
mmonium sulphate and stirred at 4 °C for 2 h. The precipitate was redissolved and dialysed in 
BS and, following centrifugation (20000 g, 10 min), contained 95% protein and 5% 
arbohydrate. SDS-PAGE revealed two closely spaced polypeptides of 49500 and 48000 mol. 
t (Fig. 2). A solution of 35 pg protein ml-1 caused agglutination of sheep erythrocytes to a titre 
f 1/1024, but did not agglutinate horse or guinea pig erythrocytes. Sheep haemagglutinin eluted 
ithin 30 min at 37 °C. This haemagglutinin was resistant to prior treatment by heating to 
00 °C for 30 min and to the action of formaldehyde and trypsin. SDS-PAGE of trypsin-treated 
aemagglutinin revealed that the trypsin autodigested after 1 h, whilst the strength of the 
tained 49500 and 48000 mol. wt polypeptides remained constant as did the sheep 
aemagglutination titre. Partially purified haemagglutinin was unable to cause haemagglutina- 
ion of sheep or horse erythrocytes at 37 °C in the absence of D-mannose.
Antiserum to this preparation inhibited haemagglutination at a titre of 1/64, whereas the 
ame antiserum did not inhibit haemagglutination by the anionic adhesin. Antiserum to the 
nionic adhesin inhibited agglutination of sheep erythrocytes caused by both the 30% and 45% 
aturated ammonium sulphate fractions at titres of 1/128 and 1/128, respectively. However, 
ormal rabbit serum was equally inhibitory to haemagglutination by the 45% ammonium 
ulphate fraction. Thus the interaction between antiserum to anionic adhesion and the 45% 
mmonium sulphate fraction was probably not due to specific antibody. This was supported by 
e fact that antiserum to the anionic adhesin gave no line of precipitin in immunodiffusion tests 
ith the 45% saturated ammonium sulphate fraction.
Since absorption of OK-antiserum with bacteria grown at 18 °C did not affect the production 
f an anionic line in IE, the 45% ammonium sulphate fraction is presumably antigenically 
ifferent from the anionic adhesin.
SDS-PAGE of extracts of K99~ E. coli B41 grown at 18 °C revealed the 49 500 and 48 000 mol. 
t polypeptides, but not the 34000 mol. wt anionic adhesin. The mixture containing 49500 and 
>000 mol. wt polypeptides was unable to prevent adhesion of the K99-  E. coli B41, E. coli B41 
id E. coli K12 K99 to brush borders. Likewise, neither K99" E. coli B41 grown at 18 °C nor 
diolabelled 49500 and 48000 mol. wt polypeptides adhered to brush borders.
In preparations of the 45% ammonium sulphate fraction applied to a Sepharose 4B column, 
>th haemagglutinin activity and the 49500 and 48000 mol. wt polypeptides eluted together 
ithin the void volume. This indicated that either or both of the 49500 and 48000 mol. wt 
ilypeptides could be aggregated in the haemagglutinin having a mol. wt of greater than 20 x 
)6. Electron micrographs of negatively stained haemagglutinin revealed a mass of long parallel- 
ded processes of approximately 10 nm in diameter (Fig. 3 c), which tended to aggregate in a 
gular fashion.
240 N.  CHANTER
Fig. 3. Electron m icrographs o f negatively stained anionic adhesin found in 30% saturated  am m onium  
sulphate precipitates of cell-free extracts from a K 99-  E. coli B41 show ing (a) irregular structures and (b) 
fimbriae-like structures; (c) heat resistant fimbrial haem agglutinin found in 45%  saturated  am m onium  
sulphate precipitates, see M ethods; (d, e) electron m icrographs o f shadow cast K 99-  E. coli B41 and E. 
coli K 12 grown at 18 °C. T his result has been reproduced twice. T he bar m arkers represent 100 nm  (a, b, 
c) and 200 nm  (d, e).
■ , -  .....
-
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Assessment o f heat resistant haemagglutinin production by different E. coli
All K99+ and K12ii. coli produced a mannose-and heat-resistant sheep haemagglutinin when 
grown at 18 and 37 °C. The 987p (M2225) and K88 (Wl) strains did not.
Electron micrographs of E. coli B41, K99-  B41, K12 K99, K12 and K12 C600 grown at 18 °C 
showed the presence of fimbriae (Fig. 3), whereas electron micrographs of Wl and M2225 
cultured at 18 °C did not reveal fimbriae. SDS-PAGE of surface proteins from B41, K12, K99, 
K 12, SI 3 and B117 revealed a couplet of polypeptides with molecular weights identical to those 
in the haemagglutinin preparation.
The heat- and mannose-resistant haemagglutinins of E. coli K12 and K99-  E. coli B41 were 
antigenically similar, since antiserum to the haemagglutinin preparation caused strong slide 
agglutination of K99-  E. coli B41 and E. coli K 12. Absorption of the antiserum with either E. coli 
K12 or E. coli B41 removed the ability to slide agglutinate K99~ E. coli B41 and the ability to 
form a precipitin line in immunodiffusion tests with partially purified haemagglutinin. SDS- 
PAGE analyses by autoradiography of the precipitin line between radiolabelled haemagglutinin 
and wells containing antiserum to whole live E. coli B41 revealed the 49500 and 48000 mol. wt 
polypeptides.
Escherichia coli strains K12 and K99-  B41 did not produce a heat- and mannose-resistant 
sheep haemagglutinin when grown on 5% (v/v) bovine blood agar at 18 °C or 37 °C. The K99- 
E. coli B41, however, did produce a heat-sensitive, mannose-resistant sheep and horse 
rythrocyte haemagglutinin on this medium when grown at 37 °C. However, electron 
licrographs revealed that less than 10% of bacteria produced fimbriae similar in appearance to 
hose produced at 18 °C on TGX medium. SDS-PAGE analysis of the 45% saturated 
mmonium sulphate fraction from the K99~ E. coli B41 grown on 5 % bovine blood agar at 37 °C 
or 18 h revealed traces of 34000, 48000 and 49500 mol. wt polypeptides. Haemagglutination 
ests with this fraction showed the presence of both a heat-sensitive horse haemagglutinin and a 
eat-resistant sheep haemagglutinin. Thus, the fractionation procedure presumably concentrat- 
d the heat-resistant haemagglutinin, which was otherwise undetectable.
DISCUSSION
Chanter (1982) purified the anionic adhesin by IE, but this yielded a preparation 
ontaminated by agar and antibody and was suitable only for subunit mol. wt determinations, 
ther purification procedures consistently resulted in preparations contaminated with K99. The 
roduction of a K99-  variant of E. coli B41 seemed critical to the characterization of the anionic 
dhesin both in vitro and in vivo. E. coliB41 is a complement-sensitive strain (N. Chanter & P. W. 
ones, unpublished results) and it was thought that killing might be enhanced by the presence of 
pecific antibody thus facilitating isolation of K99~ variants. This was confirmed when 2-4% of 
. coli B41 incubated in antiserum to E. coli K12 K99 lost the ability to produce K99, but 
tained the ability to produce the anionic adhesin. Escherichia coli K12 K99 produced K99 but 
ot the anionic adhesin. Anionic adhesin could be purified from the variant to give a 98% pure 
reparation composed of the 34000 mol. wt polypeptide. This preparation behaved in IE, 
hibition of brush border adhesion tests, brush border adhesion tests and haemagglutination 
sts as previously described by Morris et al. (1980). Polymerization of the 34000 mol. wt 
ibunits, resulted in an aggregate with mol. wt in excess of 20 x 106. Attempts to visualize 
mbriae in preparations of the aggregated anionic adhesin were unsatisfactory. However, 
;casionally fimbriae-like structures were seen which were finer than those seen in K99 
eparations and in preparations containing the heat-resistant sheep haemagglutinin. The 
lionic adhesin may be a fragile fimbrial structure which readily breaks down into the irregular 
ructures which predominated in negatively stained preparations. It seems, however, that a 
nbrial structure is not required for haemagglutination and brush border adhesion. 
Awad-Masalmeh et al. (1982) isolated a non-fimbrial mannose-resistant haemagglutinin from 
K88- K99" 987“ enterotoxigenic E. coli which assisted intestinal colonization by attachment 
intestinal cells. This adhesin was antigenic and was not produced at 18 °C. These properties
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are similar to those of the anionic adhesin from E. coli B41. The porcine adhesin, however, had a 
subunit molecular weight described as only slightly greater than that of K99. The pattern of 
resistance of the anionic adhesin to the action of trypsin and formaldehyde was quite different 
from that of K99. The sensitivity of K99 to these treatments may indicate a generally labile 
nature which might explain its apparent inactivity, following purification, in brush border 
adhesion tests when compared with the anionic adhesin (Morris et al., 1980). The anionic 
adhesin and the heat stable haemagglutinin were unable, however, to prevent the adhesion of E. 
coli B41 and E. coli K12K99 to brush borders. Under these conditions, adhesion of whole 
bacteria caused by anionic adhesin or heat-stable haemagglutinin would presumably be 
blocked, so that the observed adhesion of bacteria must have been caused by bacteria-bound 
K99. K99 preparations contained fimbriae (unpublished result). The stability of the fimbrial 
structure of K99, therefore, did not ensure biological activity.
To the author’s knowledge, the presence of haemagglutinating fimbriae on E. coli, resistant to 
100 °C for 30 min and composed of two polypeptide subunits of different size has not been 
described previously. These structures were unlikely to be flagella since they had little or no 
amplitude. In addition, flagella of E. coli are 13 nm in diameter (De Pamphilis & Adler, 1971) 
and those of the Enterobacteriaceae are generally composed of a single polypeptide subunit of 
mol. wt 40000 (lino, 1969). Heat-resistant haemagglutinin was purified from bacteria grown on 
solid media and electron microscopy of bacteria grown under these conditions showed an 
absence of flagellate cells. Eshdat et al. (1981) indicated that type 1 fimbriae could not be 
disaggregated by denaturing conditions commonly employed in SDS-PAGE so that the 
possibility that the long parallel-sided structures seen in preparations of heat-resistant 
haemagglutinin were type 1 fimbriae could not be excluded. However, partially purified 
haemagglutinin did not contain any mannose-sensitive haemagglutinating activity at 37 °C. 
Also the heat-resistant sheep haemagglutinin does not seem to be related to the major oute 
membrane proteins of E. coli (Hofstra & Dankert, 1979; Paakkanen et al., 1979).
The heat resistance of this haemagglutinin is exceptional for a protein. It is possible that it 
structure is stabilized by cystine disulphide bridges. The exclusion of 2-mercaptoethanol fror 
the sample buffer for SDS-PAGE did not reduce the number of bands, an effect observed wit 
other fimbriae which contain intrasubunit cystine disulphide bridges (Isaacson, 1981; Chanter 
1982). However, inter-polypeptide disulphide bridges are less likely when the distance betwee 
cysteine residues in the primary structure of polypeptides is small (Martin, 1964).
The subunit molecular weights of the heat-resistant sheep haemagglutinin are unusually larg 
compared to nearly all of the previously described fimbriae. However, Lugtenberg et al. (1976 
in a study of the outer membrane proteins of E. coli K 12 identified a 50 000 mol. wt band in SDS 
PAGE gels as pilin subunits of fimbriae found on some, but not all, E. coli K12 strains.
The heat-resistant sheep haemagglutinin did not seem to be involved in adherence to cal 
intestinal brush borders. It is possible that this haemagglutinin binds a receptor in the mucosa 
layers that would have been removed during brush border preparation. Alternatively, thi 
component may possess another as yet unidentified role in virulence.
I would like to thank Dr J. M. Rutter, Dr D. J. Garwes and Mr R. Sellwood for advice and encouragement an 
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